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INTENSITY, SCALE, AND SPECTRA OF TURBULENCE IN MIXING

REGION OF FREE SUBSONIC JET 1

By .l),?,lEs (!. I,AI'ItI.:>;cl':

SUMMARY

The inte:.._'ily q/hu'bul_.ce, the. l,mgit.di.al a.d lah ral c,.v.-

latin, co_flicie,_lx, a.d the xp_ctra q[ turbuh..ee i. a 3.5-;m'h-

diameter.free .let were mea,_'ured .,ilh hot-wire am.momelerx at

,w;[ :Alack , umbers from 0.2 I, 0.7 am/lh!lm,hl.+ n,mbers from

192,000 I. 725,000.

73e rrxult.+ qf l/,'x_ m_axur_m(.,l._' ._hou, lh_ .[,dl,,minfl: (i)
A'car lhr n,,zzle (dixlancrx h.xx tim, ]_ ,)r 5 jet dia,, dowl_slream

qf lhe .nzr/e) /he ;.te.,_';l?l qf lurhuh'.ce, e¢l.'exx_d as percent

,*f e.re rdm';l!t, ;x a ma.r, imum at a dixlance qf appro,rimaldy
1 .#t radius fr.m thr ce.hrli.e a.d chcrea,_e,_ ,digh,tl!l with

'im'rcasitql J[ach aml/.r Re?l_t.htx I_umber. At dixlance,s' greater

lha. ,S'3et diamehrx d.w.xh'eam qf /he .ozzle, ho'werer, the

mas'fm urn [tttt.n._ilg morex oul at_d decrta._'ex i, mag,itude u_l_'l

the lurbu/rncc-;nlrm_'ilg pr@'l_,_ are quilt fiat and approachin 9

,_'imihzrity. (2) The lateral a,id hmgitudi.al ,_'eah.,_,qf hu'bu-
h'nce am n_.arl 9 imh'l..IMrnl ,!I Jhtch a.d/'nr l{egnohl,_ .umber

a.d i. the mi,r;ng :..r mar th_ y! rar!l pr.p,.'li,mall?l ,u,ilh

di,_'la.ce .from lhr .fit m, zzh.. (3) Farlhrr d.'u'.,_.h'cam if[ It.:

j_l lh,. hmfliludi,tal ,_'cah mach_._"a inar;mun_ and l/tell decr_a,_e,_

appro.rimahhJ l;._arl!l with d;xta.cc. (lit ,Yrar lke _,):::le the

lateral xcale ix m u('h ,wnallrr lhal_ lh_ I,mfliludi*_al a_d doex m_t

rar!l with di..la.ce .tT.m lh_ c, _brlb_ , while the I,mgitudi.al

xcal# i._" a ma.cimum al a di._.la,ct .�)'ore the-c,v_h.rline o.f about

0.7 h, O.A' ,j lhe.ict ,'a,tiu.+. (5) b'ar/hcr down._lream this ma.,:i-

mum tnom.._ oul t)'om the c_/,br/in_. (t;) .1 xtalixlical a,ml.q._i._

qf lh r corrr/oflra m x a nd x/.ctra ff;_[dx rt "xca/r" 'w/_ieh, all�to ugh
di[hrenl [, magnilm/c .h'.m th_ c,mn.lio,al, raries ,s'hnilarlg

In //to _,'d;Har?l xcah o.d ;x _ax;_r Io _ra/ualt.

INTRODUCTION

R(w(,nt am_lvs(,s I)v l.,ivhlhill (r('f. 1) nnd hv o(h(,rs (r(,fs. 2

))n([ 3) shov, lhnl (urbuh,n('(, m_v t)(, ('hi(,lly r(.sl)onsil>h, for

the n()is(, fr()m higl)-sl)(,(,(l j(,Is, lh)v<(,v(.r, n ('OmF,h,((, anal,,-

sis r(,lating lurl)ul(,n('(, 1() n()is(, Ires not y(,l I)(,(,n made.

(_ons('qu('nlly. il is nol known whm'(, the noise o,'igim_les in

lh(, jet ()r whivh of the ttu'l)_dmwe parameters, int(,nsily,

suale, or sl)ecl]'al ([islril)ulioll, is best suited to noise studies.

],ig'htl_ill has suv_esle(l 1]lnl I'llC]l Im'lmh'nl eddy might Im
considered _s a single von('entl'nle(l soun(| radialor. If

],ighlhill's sugveslhm is vnli,l, il will be necessary to know

the tm'l>uh,nve ('hnracle)'isti('s Ihroughoul the j,,. Th(:

intensity of sound rn(lialion will sun,Iv Iw relnled 1o lhe

intensity of lurbuhme(,. ]:url].,rnmre, (by sp(wlrn] di._lribu-

tion of ttn'l)tth,nt. (,nerVy might r(,nsomtl)l 3" I)e t,Xl)(,cte([ to
give informntion n])ot)( the sp(,(qral dislril)ution of soun(l

('ll(,rgy.

Three regions of (he jet n(,e(1 to l)e investiga(ed (see tlg. 1):
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]"I(;I'ItE ]. ],<)calion ()f i('s( l)()inl.s in subs(rot(' jet.

(I) 111(' cen(ral ('ore, wh(,r(, tlm v(,Ic)city l)rolih's at(, lln( and
(he int(,nsily of (h(' (m'l)uh,nt. llu('lunlions is h)w; (21) lhe

mixing r(,gion, ,,vhi('h lies l)(qw(,(,n lhe central vor(, :111(l the

tm(listurb(,(l air of tlt(: surrotntdings, wh(,r(_ lh(, v(,h)('ilv

gra(li(,nls at'(, lnrg(, and tit(, i))((,nsilv <)f turl)uh,)t('(, is l,igh;

nnd (3) the r('gion farlh(,r (h)vcnslr(,nm wh,,re the <'(,ntntl core

nn(l tim mixing r(@()n l)[(,n(l inlo n ('())t)l)h,l(,ly lurl)uhq)( nir-
stream. The llm'pos( , of (,Xl)(,rim(,nls in lh(,s(, r('Vions is lo

m(,asur(_ lhe slatisli('al llnrnm(,l(,rs of lhe (m'l)tdence in lhe

mixing zon(, and in tlt(, ('Oml)h,t(,ly turl)uh,nt r(,gi()n of the jet..

S(,v(,ral investigators lmv(, r(,l)ort(,(l the r(,sulls of work in

these regions (n,fs. 4 lo S . Reference 4 has onlvn limi_.d

amotml of hol-wire dala in the mixing zone. along with
vvlocity-profih, aml lurbuh.nce-h,vd measurenwnls nenr l lw.

_lxis of (he jet. (%rrsi,t Ires mmh. o,' Ira.-; (..Ihtl,oraled in

making (h(, mos( (.Oml)h,l(, m(,asur(,m(,nls in j(,ls t() I),, f()un(l

in tlm li((,rntur(, (r(,fs. 5 lo 7). Th(,s(, inv(,slivati()ns nre ()f

great inl(,r(,st and of mu('h its(,, bul the v(,lo('iti(,s inv(,sliga((,(l

'I)'(, snutll (<_I()0 ft/s(,(.), llol-win, m(,nstu'(,m(,nts in n

unique form of n half-jet in which a _olid wnll replm'e,_ mm

side of lhe t'rve mixing region _tl'v reported in referem'e S.

In or(h,r 1o ol)tain (laht in ,_l)(,(,([ t'ang(,s thnt ttro ()f lll<11'(_

int('r('st in j('l noise )'(,_(,n)'<.h. a w,stt,ntnli(, inv<'stivn(ion of

(hi, lurl)ul(,n( ntixin_z r(,gion ()f _t l'r(,(, j(,( wns un(l(,r)ak(,n ns

part of lit(, j(,! n()i_(, l)r()g)'am al lh(, NACA Lewis hd)()ra(ory.

I Stlll(,r,+;(>rius N .+_( "A T('('Illli('nl NI:I('s 2;;'>61, +` |IIIplIS[I y, _q_+;t](', atld _|)('['t 1":_ of rl'Ul ])tlhqll'r it1 _I ixill+2 J{u+2i()ll of "[:rut, SllbS()llJ(, J(q/' [1_ J:tlll(,s ('. ],:ltlt( twr. I!+AS: :Hid ;'L'_7(;, "1:1111 }IOF _I (':lStl_e-

llh'lltS 0f ]llh'rl',ily..":('M('. :tZl(t ";I_('('1)_1 I_f Tllrbllh,ll(,(, ill a _uhsolli(' .l(q," |)y ,_:tl_'s ('. ]._ulrell(.e ;111rl T)tllil:ln M. Stickl;(,y, 1951_.

,_gt
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•Prin('ipalimcreslwaspla('(,donmeasur(qnenlswilh th(,hoi-
wireanemom(,terof the siaiisli('al l)aram('t_'rs of iur|)ulcn(,e

ill the ('xit hla('h llUllll)(q' I'llllgl' fl'Olll O. O 1o (].7 ill|i( neyllol(|s

numl)4,rs (tias(,d on jeI radius) from 192,1)1t() to 725,000.

Sill('(' it was inll)ossil)h, to vin'v hlli('li nulnher: and Reynolds

lilllllhel'_ indet)endenlly , lheir ('Olill)ilied ell'l,_'ls lil'l' (!ailed

Xlll_.h lind/or Rcvnohls nnlnhel" ctl'e('is [lerl,in.

The linlllvsis of ihe resull._ of lhes(' lln'huhqlc'e sludies

f_ilh)ws ille shllisti('al lil)l)l'Oli('h til'Sl inlrodn('e(| l)y Taylor

(rl,f. 9). 1)rydt,n reviews thi: lllelilo,.i ill i'(,fel'lql('l, 10 illiti

sliows lhe Sli('ces: of lhis lyl)e of li[)[)rolil'li in dl,llling with

i._oll'ol)i(, lllri)nienl'e. Siniihir lil)i)rltlll'he_ Io lira lilialysis of

ill0 l'esults of _llidie._ of jel iurl)nh,nce have lleen illilll(, also.

II(il ltil, i'l,siills nil,CO iiol ll(,(,li ver.v Stll'_.'l,_sfill, (,Sl)(,chllly in

ihe inixing region of ihe jel. lll,n(.e, ti slillisii(.ll| ltnillvsis is

i)resenle_l in Itlis i'(,t)orl whi_'h ii_es li dilt'erenl value (if lti(,

"s('lill," o1' e_l(I,c siz(, lili._e(I Oli the iqll,l'g,l Sl)e_'lrnnl of llie

t nrl)ili(qi('(,.

INSTRUMENTATION AND TEST FACILITIES

HOT-WIRE ANEMOMETERS

Tin, [iol-wirl, iilielllOln(,l(,l'S IIS(q[ in this test wcr(, the

t'ollstlllll-llqllli(Tll t life lllllqllOlll('l ('1'_ (les('rit)(,d in i'(,[(,l'(,lll'(, I I.

('olisliiiii-lelill)ei'altlr(, lllieillOliliqi,l'S were ('hoseli iliSielid of

('OllSllllil-('illT('lll lilieiiiOliil,l(q's ])(,('lillS(, ()f _'(,rlilin li(Ivltlililg(,s:

(1) The wire (;lllTlqll is (_onli'(ill(,d I>v lill e|ec'ironi(' Sel'VOSVS-

loin tiiill l)role(qs ligliilisi ii('+,i(lelitli] wire I_uriiolll wheli ilia,

flow is sn[hltqily r(,(Int'(ql. ('2) Sili(.e lin, I)ridge })alali(!(, is

ililiinliiined (Inring flow ('hllllg(,s, lh(,i'(, Ill'l, ito _.(liii|)(,llStilion

(,Olill'Ols 1o s(,l lili_l iio l(,slilig 1o deleriiiilie wiieliier the ('Olii-

t)enslilion is eft'cctiv('. (3) Final|v, this instrunlenl ('lili fol-

h)w illrge thl('inlllions in flow wilhoni lll)l)re('illl)h, (q'ror.

The hot-wire tilieiiiOilleler lilill ihe auxiliai'v equil)nilqli

]ltiV(, t)l,(,li inll)roved ili several r(,sl)t,('ls (see refs. l l tln(I 12).

The dirt,('i-('Oul)h,d "inlplifler }ills llll inii)rove(l frl,qU(,li('v re-

(a)

(b) (c) (d)

(:l) Llilil.(iln(l{ll:il ('_)rrclnlion o[ v(.locily t'Olill)Olit'nl', in .r-itii'l_('li(_li.

(hi L;itl'l':l[ ('_>i'rl'l:lli_ill I)f v(!lo('ily ('1)II1- ((') [nlensiti('s llll(t ItllilIC()l'l't']<'llil)ll_- (if {(t) Vl,]i>l'iiv Iq_llipi)litqll> in //-dir'l'lqi(ni.

I)Oli('lll_ ill .r-(|iri'viion. v('lo(-il.3 [11 x-(lirec'li(in.

['I(;I'RE '2. [[O|-V¢il'(!-illil'lliOlllt'l('l' l)l'()l)l"_.
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a valu(, ('(mq)arabh, with tlmt of olh(,r hot-wir_, inslrum(,nts
(less than 100 mi_.row)lls). Fr(,quen('y-r('spons(' meamlrt'-

nients Iniidl, at'cording to lh<, nitqhodn dt,sci'il)(,<l in r(,r(,rl,n('(,

11 show tilt ovor-tlll i'e+l)Oli+l, (iinil)iilh'r. bi'idgt,, wire, lill(I

(+iil)lu+) of til)oIIl lllf) kilo<'vcle._.

HOT-WIRE PROBES

The hot-wh'(' l)rob('s (fig. '-)) were singh,- and (Ioul)h,-wir(,

i)r()t)e._. Ttie <hlul)i(,-wirl, l)i'obt's Wt+l'( ' llrri/liTt,i] iu l)tii'li]]l'l

tili<l X-ilri'il). Tht, l)lll'li]l('l lii'rii)_ (fig+. 0(it) till(| (1))) w(,rt,

ii._t,(] 1() Illt,ll,'.:,lll+U lh<, hingiludinill and hill, rill , v0i(i('itv COl'-

rehithin coellh'i(,ni,% r/'+l)t'l'liveiv. |_'()1' lhe longhudinill l'Ol'-

i'l,hitioli+ alia wii'l + wit+ held flx_,(I iilid ih(, othi,r wIl+ lilOV(,<l

[[OWll+lrl+tiiti. 'l'hi+ wire wll+ <li+l)]ll<'('<l iIol iii(tr( + thiiii 0.It(i+
hl('h l(iwttr<l+ the (!tqilel'lili(' of th(' jlq 1o iIvoi(I inl('rferl'lt('<,

frl/lll the tt()w over Ilia tll'+l wire. A siinihir iirl'iiliTelil('lil Wil,,.4

li+(,(I for lhe ]ltt/,l'lil (.orr(,iilli(in._. l)rn(.li(,lll ]inliltilh)n+ on lh(,

._l,l)lirlit)ility id' the wires ]iinil0d lit(, tiilllil)t,r <)f I)ohlls for

v,tiiuh lii(,liSlll'(,liit,lil_ _'()ul_l })(, ol)lain(,(I. The ill(,ll_lli'0d ('or-

i'(,]liti(in+ wt'r/' lis+unlu(t to b(, thos(, lit the position of the

tix<,(I wire. Th(' X-IIITilV (fig. 2((')) was i,lll[)lo_('(I lo Inell_-

ii1'(, lit(, r-('Olili)Olielll ()f the velo('ilv [hl(!lllli|iOllS. The

singh,-wir(' lit'Ill)(' (fig. 2((1)) lii('ilSlll'('(I llil' , vl,lo(qi.v in-

l(,Iisilius lllld till llllllt(.Ol'l'(,h/li(illS.

Tti(, wire illilh'rilil used iJi Ill(' lesl_ Wll_ ih(' ().lilill2-in(_]i

l llli_Z<_lUll wit'(, eviihllih,d ill r(,f(,l't,.u('(, 11. The lli()li_ltilig

[)l'O('(,dllrl, i_ llii lidlliil:itiOli t)P tile f)lrlli:ng-_ol(l('ri;ng te(!iiniqu(,

[hill, Wil_ [[1'_1 ilSl,d [)v lh(, X'llli()Till.l ];_lirlqlll (if _liilldlli'(l_

(i'(,f. 1:/).
SPE(VI'RU M ANALYZERS

'['wo Sl)/'('truni llnlllyzt,r_ w(u'i, used hi (ilil ailning the s])('('i rill

dl'iisily (hi, tit. ()lie (if liiu_l' hii_ ll COll_lliHl lliirrow blind l)lis_

(5 ('liSl _viih II fr('(lU(gl('.v l'eSi)f)li._(' froiil 20 to 16, till0 ('l)S;

1}i(' other is li_ (.(liislillit-p(,i'Cl,litlig(, I)ll:il([-1)ll_ his(rliinonl

willl llilOllt Ill(, _lilli(' fl'('({ll('ll(' )" i'('_l)(lli_e. '['}i/, filler (.hllr-

li_.l(u'i_li('_ _lt' lhl, lw(i in.<qrunl("ni_ lll't' giv(m in figure 3. The

Iw() lilililyz('i'_ givt, t.()llliilil'iliil(, sliu('ll'til d(,lisily (.lll'Vt,_ within

Ih(, g(,li.ei'll_l ll('('llrii('v ill iiiu ('Xli('rhn('nl_.

TAI'F rl_corDF, r

,'tl duil, i-('ha;nnel lap(' r(,('(ir(l(q' Wll_ u_(,d l_l i'(,['()rd lh(, sig:iu/l_

fi'()lil ii _htgh' h(il-'wh'(,-liln,ni(llil(,ll'r 1)r(lltl' hi('lii(,d in the

liirsll'(,lini. Tiie_l, i'uclii'diilg._ were h/hu' u._('d 1() (li)ll.liil the

Ii u I ou(trl't'llil iOll _'o(,[th'i(mi_.

ACTUATORS

The hilt,rid I)()_ilions of lii/, lirol)( , were ('o.ntrolh,d tiy s('i't,w-
l Vt)t' li('luill(ir_. 'Phi' ]ongiludinn[ ])(l_ili()ll_, howl, v(u', w(,i'(,

s(,l t)v iutjli_tliliUit_ (it it. ]litlit, (.liri'iligu. Tile i)l'()t)(,,_ w(,r(,

lllini,d in th(, ,_li'(,lini willi i'(,f(,rl,n('(, to lh(, (.(,nh,riint, (if ill(,

]('1. 'l'hi,_ tieroliyllliiniu ('eii.llu']i;!l(' wll_ diqtq'lllillod frolil

loliii-i)l'(,S_lli'(, iii(,lisui'('lnluil_ i:,l lhe .i(,I. A plug Wits iiill-

/'hinl'(I 1(> til till' ('xit m)zzh' tlf the ji't, l/lilt II ste(,l wire was

sir(q('hed lt]o;lig Ill(' ('('iil('i'lin(' i() il ])llhil Oil lhu (.eJit(,rlinl'

I'ilr d(iwn._lr(,li.iil in lhe jel {l/l)l)r()x. 1"_) fl). _tt. lel('_('(ll)l_

inoulllud Ill lhi._ 1)()i.nt h_'lli('d in r(,lo(.lilili_" lit(, lli'_ti)('._ llfl(,i'

a l)rul)( ' failiir( __vilh()ul i'(,,_iringing ltie sll,(4 wire.
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TEST FA(_ILfl'I ES

'l'tiu _utls/lni(' jet lind li_t)('iliied pleliuni ('hiinll)ur us(,d iu

lii(,_(' ('xt)i'i'ilii{'llls ill't! _howil _('lienllllh'lllly in fi.gur(, 4.

Till, .i('t [lil_ II ;_i.5-in('h-diilnl(,lur nozzh' It| lh(' i,]l(] (>t' li l)(,ll-

Compressed-oir

supply

Total
_ssure

3 " _'_ ....

"Filters

Plenum chamber

Tote I

temperature

I L i!l I/t*

-.-5_iom. jel x/r- --- _

" -Bellmout h

IV

]:l(ll'lll.; 4. S('hi,lliati(', (li:t_r:un of _lll)_l)liil' j('l, ])]l!lilllii ('hllllil)lq'_

fillor_. :ti/d l(l[..U_i_)ll ()f |)rl,_Sllrl'- lind loiiil)t'r_ttlli'(,-ln(,i(_llrili _ in-

_i ('llliilqll s.
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mou01 which is attached to a large phqnnn chamber. Tiw

turbulence intensity in the plemnn chamber varied fronl 4
to 5 l)ercent over the range of the test con(litimls. The

whole is connected tt) a compressed-air supply. A filter is

included as an integral part of the [)lelmm ('hamber. It

successfully removes a large lmrt of the dust and i)il)e sralo

sometimes found in similar airstreams. The flow is adjusted

by means of electric_flly controlled valves lhr(mghout the

subso,fic range of *lath mmfl)ers. The illstrtlnqents for

measuring total pressure and temperature are l)la('ed in the

plenum ('haml)er and read remotely. Figure 1 shows the
approximate h)('ation of the testing points in Ill(' jet, and

table I gives the exact coordinates.

TABLE I. L(K:AT]()N ()F TI.:ST I'()INTS IN SUP, S()NI(_ ,lET

Distance I

from iet
noT.zie, [

s/r

I. 14 I. 2(16 1. 154
2. 29 I _. _ t. 30h

4.58 I 41L

_ 2,000

12 2. (10

16 2. IX)

24 5. ] 43 4. 4611

32 5.143 4. 460

40 5.1_3 4.41;o

])istance from jet cvnterlin<', y..'r

1. 103

t. 2tNi

I. 2(Hi

I. 714

1. 714
1.714

3. 772
3. 772

3. 772

I. 051 1. (HI

1. 103 I.(HI

1. (111

I. 343 1. (R)

1 2J411 1. (1t)

1.2_6 I. (:t1
1.2_1i 1. IX)

3. ()N_, 21.40[)

3. ()_4N 2.41)11

3.11_ 2. ,11)0

Ib 949

, _97

,7U4

.657

, 714

• 714
• 714

1. 715

1,715

1.715

II. 846 0. 7_4

.794 .692

• 589 .3_3

,314 --. 029

• 2_; 0

• 2_1; It
2_11 11

I. 112_ .343

I. H2X .343

I. o2s .343

O, 743

0

0

0

EXPERIMENTAL PROCEDURE

INTENSITY MEASUREMENTS

A single hot wire was used to measure the u-c(mH)onent

of the turbulent inh, nsity. An X-wire l)r.I)e was used to

measure the r-coral)anent. The hal-wire signal (or the
instantaneous diffe,'en<'e between the two X-wires) was meas-

ured directly hy a root-llWan-square voltlneter. I{efere'twe

11 descril)es the rool-mean-s(luare vohn.,ter (average-

square ('omt)uler) which was used in an improved form f()r

the tirst ha.If of the intensity surveys made. A lrlw rms

voltmeter was used for the renmin(h,r of the data. It gives

a precise wide-band s(luari.ug actio:a thaL is mmfre(.ted by

normal ambient teml)I'ralure variations and, i:q general, ix

more salisfa('tory than the other instrumeiH.
The turbuh,n('e intensity was c'th'ul'tte(| [)y melllo(ls

(ratline(| in rcferelwes 11, 13, arid 14.

CORRELATION MEASUREMENTS

Vehwity (.orrelati(i.us in space mid in tinw are of imerest

in the noise l)r<,l)h,nl. 'rv,.. hot wires ran tu, use(l to obtain

the lateral and hmgittMiual ('orrehltions. The wires are

nlounte(| _m leh,s(.ol)ing ttlt>(,s that, can In, displaced eithl,,'

laterally (.r hmgit.dinally with respe<'t I. (,ach other I)y

aCltlal<)t's. ])l,ring the m'tual lllOttSllrellltqlls, Ill<' Ihwtualin g

COml)<)ncnts of the two h<)t-wire signals, say +, and _2, ar<,
h'd h) a ('<)rrelatm' thal, tZle;+tStll'eS _t e2, e_, tllt(l _.

]f a linear relation t)etween tit(, veh)<'ily tlu('tuation 'tn(I

the hot-wire vollage is assure(,<] that is,

(11

as is done ill I'('fel'tql('( + 1;5, lll('l'(' r('stlllS, Ul)Oll combining the

signals,

, u tu, (2)

(3)

_162

/_ /= (4)
Y C X C

(All sylnl,ols are (h,lirwd i,I al)l)t,lldix A.)

The (lisl)la('em(uJt of the wires hi tim lateral (lire('lh)ll

gives the lateral ('()rrelation ('oefli('ient; in the h)ngitu(linal,

the longitudinal correlalion coelli('ient.
.X,.tl aul(worrelation coeflicicnt, that is, the <'<)rrelalion

l)etween two Seglnents of the sanle signal Sel)aI'att,(I it, lime,
can I)e obtaine, l if s<,tlt,' nwtho(] iN(h'vise,l to <)blain front the

signal of a single ]lOt wire another signal ,],'layed in tinlc
with reslm<'l t., the liE'st. An inslrumellt that l)rovides time

d,'lays <if this nature (({es,'ril,,,d fit t'('t's. 16 and 17) was

desiglwd a,<l built at the NA('A l_ewis hll)<)ral<)ry (ref. IS).

Hc+e.+o,e<JlIv0m',+e-+0dI

net+ h_, H amplifier H amplifier _ Switching
voble HCompensoted Hvarioble -qdini--I circuit

_cheadJ t amplifier I Jamplifier J J

Monitoring
asciiIoscope

I"I+;1;RE 7). ]H(,cl.: <lia_ram of (..rre]:tti m con putm'.

"+I

":'+'+'I

In gt,,..ral, lhis ('orrelat()r (s(,e fig. ,511works 1,s f<)llmvs:

The signa, l fr()nl :t si.gh, hot wire is rer.rd('(] simulhl|w(mslv

<m two rha,i]wls of a <h,'d-('ha,.el tal)e r('('Ol'(_('l'. A slw<'i,l

l)layba('l.: il_strl_m('tlt t,s('s two l>irl<u I) h.a<Is, .n(' ()f whi<'h
ran bt' (/isl)la<'.(I +_itll respect h, the other l,v m(,llns ,_t' 11,

IlliCl'()lllett,r S('l't'xA" . l$_t'he]| the Ix'co l.'a.ls are i. s,l<.tl a 1)<)si-

liou lhat they are picking Ul) i<]enti+.al signals, the corrtqa-

liorl lwtxxCtql llwse signals iN |w<'essarily unity. But if l}11'

movable t.,a<] is (]ispla<'ed so lhat it is lilt'king up a signal

recorded tl, short time i'arlier o|' later, the lxv<_ sigllals art,,

of r.urse, dill'creul. 'rhes(, lwo siKlmls :u'o tilt, ix_<_ v,,ltaa,'s

+. I|,|.1 _2 considered il| equalh)l_ (11. The <'orrelIHhm
roetticienl '/_ in then the aut<wor|'t,11_lhm coettirh,nl ']_,.

The valtw <,f tilt! tinw inh'rval At is o]Hained frmn lhe

actual <lisl)la,'emeui of tho heml lu.] Ihl' <'onsta||t tape Sl)ee, l:

d
At ,%, (5)

It is |'.tl.'|' ohviot+s that there sh<mhl b<, n rclanion l)(+twe('n

the aut_w<irrt,hHh)n nn(l lhe l(mKiludinal <'<)r|'eh_.lh)n ('(w[lh'i-

ents inv()Ivin,_ lhe st|'ean| velocity l_;||lll lhe hea<l separatiwl
(r_,f. it)).

A. ('xtensi(>n of this method .an tw made to IneaslH'e tl.'

auto<'orre]ati<m of I111, r-c<ml])(m<,|lts of ihc turtmlen('e. ]vu

this n|('tho(I the difl'erl,n<'e signal fro||| a|l X-wit1' l)r-h(:
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hl('ated ill lhe stream is rc('orded simullane(lusly (in bolh

chatlul,ls of the r(,corder all(I played lilt'l-; in the usual way.
'Thl, (h/u]lle cawrl,lalor (if l'cfez'erlct' 11 was 1.1sed lo (Ibtaill

(,(wr/,lati(tlJs of the h()t-wil'e sil.t'nals fl/r the ill'st half of the

program. The lit.lilts were cilh'iihLied nun(el'if'ally be('llUSC
ti_e ratio ml'tl'l'S thlt.t are X(ilnetilnes used are lmrelialih,.

/lllll'(:(ll',_l('V rl's(lllS fl'OIIl l[ll' 1IS( _ of ll, I1 ll,'U(q'll, gi_-slr[llll, l'/, ('Olll-

purer, whi('h _lelwN_ls lllJ_lll lhe ()l)eratilL_ chal'a<.tei'isli(.s/if a

Wl('Ultln lubc lo ol)tail! lhe square of t]w sum a lid of tlic

dil1'[well('e (if two voltages ill ()rd('r 1o apply tlle qtl_ll'ler-

squarc ])rillcil)h, /if Inuhil)licll.lil)ll.
Afh,r a tl(lut hnlf the (taia W/'l'e <ll)iaint,d, tll_ eh,ctl'(l_Ji,_

nluhil)lier rel)lacl'(I lh(, d(>uDh, ('l)rl'ela11)r. Thix nlllllil)lier

((les('rilJe(I in rl'f. 1,w,) (hies iiot uxe the qitlirlel'-S/lllli.r(, liriilcil)le

of lntillil)licillioll. The nlllltil)lier oi)el'li.les fronl /i.e. Ill 50

I_ilocych's (:;-dt) pOilil) ali(I is lisefii] iii I)})lli, iliilig i'oi'r(,|ll, lioll

coettiCielitS. Two (.}iilllil(,ls al'(' livailabh, Ill give lhe li.verilT(_

1)l'(l(lllCl (if twit iiiplll vollaT"(,s lt,s well its lheir llAOl'il_(' S/lliai'es.

The (llll])llls ('(ill t)(, i'eild (ill illlV hiTti-iilil)ellillice (I-c ','(lll-

lil/,l/,r. Ily ])ro|)erly ll.(Ijilslill<_' ilie level (if ihe (ill)ills , ihe

c()l'l'(,lil(iOll c'(tcttici/'li(S tit.l( lie I'iql(I (lil'(,c¢ly.

SPECTRUM OF TURllULENCE

If the hot-wire si<,"mll is anlalyzed tlv nl(,allS (if a Sel'i(,s (if

I)an(t-liitss filters, II st)('cirlilli l'esults. The l'chltive ('li('l'g 3"

sl)eclruili is illOl'e fully discuss(,d ill i'ef/q'ell/'eS ll) li, llll '-)t).

._I()sl of lhe si)ecil'li I)r('selited here wei'e l'(,corde(l fill il l)lil)0r

Sll'ill ('}llil'l b),- lill lllllilvzci' (if COllSllilil i)(,l'<'eilili_'t, (lll0-

(h,ca(h,) tiiliid widlh. The swill'hill 7 fl'Olll ()lie fillt'r l<) tile

li(,xl is dlili_, llliloniitlimill.'c lilltl ill s.'¢liciiroliizlilioli witll the

lll()velll(qit (if lhe (.hiil'l. The sl)(q'll'lllll rlq.(tr(liligs Ill'(, lnli(le

I'alii(ll.v (ilh(llll I l)el' tliill) illid wilh litth' il.llelitillli IIV lhl'

(q)('l'ill o1'.

The ('lilil'l i'('('oi'dili(Ts al'e ill decibels li.})()'¢l, liliV l)l'liclh'll.]

l'('f('r('ll('(' Vlillli.g(', lilid Ill Oil(' l)()ilil (lii lhe ('}ilii'l tile t()la|

v(illage level f(ir Ih(, (,illil'e i'ali_'e (if fl'(,(lll(,ll('i(,s is i'e('Ol'(led.

The i'olivel'sion 1o Sl)('('l rii] ill'ilsi I?>is (is folhiwx : By defillil ioll,

i\+_,= 20 log _'<'_,<,shtX,,_--20 log _'<',,,
_ref

Tliel'efore,

(6)

_,c, _,= It(it llOg

,7,, l0 I,. (7)

,, =_1, illlO.

_Te f

Ill'(if'e, the sl)e('ll'al (lelisily furlclioli

•., .L\r_

_7 ( f 1 lilltll()ff 10

il.l/t.llOg --l-fJ -

Wll('re ]] is file ])ll.li(I-l)liss wi(Itli ()1' the filtel's.

The rexull iilff (lisiilay (if tile Stle('l rll] deilsit v flln('l illli will(

t'l'(,qilOllC.V s[il'lws 1}1(, <'orllelil Of {lie Siffllitl ill (ql<'h ill<livi(llllii

fl'e(lll('ll(' 3" tilind. This inelho(I <if li.lliil3sis is i[nt)orlillil fit("

lwll i'ei_S(iliS: ('1) It iellx lhe I'xI)erililelili'r Ill(' frequen('.v I/(ill(iS
4',15s75 57 5s

ill v¢lli(,h niosl (if the (,liel'ff.v is ('oil(_(qlll'lil(qi, lind (2) till;

Slle('Irlllli ('(ill Ill' lise(I D/ o})lliili lhe i_vi,rli.gi, eddy size.

SCAI,E OF "rI!RIIULEN(3E

The s('llles (if iul'lluh'ii('e =_ (l'ef. '21) Ill'(' d('tini,d in lllil.llV

a l)t)li(.lltilinx a x folhlws"

l_oll<,il udiilal :

lint (q'il,1 :

I, Uloc

_ = _,j= <l_+(I.r, (9a)

=_,/-- '1_,,1!i (!tb)
I " •

g ,= :dz (9el

if

{ }lOll

7"

u I u 2

((3

u I

7

--i, u 2

m

'f'hl'sC s('lill(is Ill'(' 7elil'raff.v r('glirdel[ (is lhv Ilhysica[ ilinlen-

xionx ill lli(' .r- (h)ligilu(lilial), !t- (l'lidiill), li.iid ::;- (lllilgeliliil.l)

direcli(llls +if liie llV(,l'll._O ('(l(Iv ill till( i flow. Tit(' ihi'e(, scliles,

ax dethied in e(llili.tiolis (9), ill'(' all inliiorl.linl ill q study of jet

liOiSO. }|owever, Viil'ilili(lliS ill lhe l.iiligelllilil dii'e(!lioli are

nol included ill this l'el)cirl, l{('fel'ell(,e 21 sli()ws Ihal the

('orr(,hlAiOll ('(lelli('ielit _( is z'i'iittlqt to till' sl)e('ti'li.1 densily its

f()lhiwx:

F 5"<)'(.r)cos 2 lif in0)

all(l, illvers_'ly,

Thtis, there are two I)ossit)h' lIVi|ltt'S {O obtain tile ll)n_fii Udilllil

('(irrehi.tion ('o(,fl{cieiit. ()ill' is to llieliSllre it dil'ectly; lhe

other is lo ol)lliili it fronl till, lurl)ulen('e st)ectrunl ll.li(l

i_qtlll.t.iOli (it)). If the loligitudinal ('orl'l,hitioli co(,|li('ieiit <_z

is assunll,d to |)e (,xt)Olientiill ill forni, l}ltl.t iS,

_==e -'I£= (12)

theli the ill'li.t/Sf(ll'lll (el|. (ll)) eli.l( t)(' readily worked out ltlS

(ref. 11))

• , (,:0
\ ( I

AllalllgOilS rob(thins lii't' lilvliili/1)h, for the tl'illlSVel'SO ('OZTelii-

liOilS.
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The nl(qho(Is just outlined hay(, t)(,(,,i used Io groat ad-

vantage in the analysis of turbulen('t, in(lu(.(,,I by grids ill
vvind tultnt,ls (rof. 21). Sinlihu" apl)li('ati(m t(_ the th)w in

subsoni(, jots does not I)rovc to t)(, so Sll('Vos._ful. I,owev('r,

parli(ulhirly in lh,, mixing region ('lose to lho nozzh, of 1]w

j(qr, Sill('P |ha definitions (1o not apply to shmtr [h)ws.
Ill parti('uhlr, th(, ('orre[ogranls lhat r(,suhod from ill(, two-

wire lll('tlSlll'('lll('lllS iIllt[ tho lllllo('()l'r('hlliOli lll('ll:..411l'(qn(qllS ill

ihe jet tll'l; 1101 filled vl,ry well I)v it Sillgh, eXliOn(,nliill. A

i3"pleal ('orrl,loffrllin is s]i(iwii in figure (i(li'). II is liiJ])lil'enl

lhlil file _]iill)(, of I]lis ('Ill'V(' i_ (lifferi,nl fr()lll il ])ui'(, ei-

])Oll('lltiti]. In Ol'([(,r lo find I1 ('lit'V(' of t)('si Ill for this dllln, ti

fun('li(in '+vits buih tip whi('h is ill(, li|geiti'lii(. Slllll of IX'+'() ex-

i)onenlials, ilS shown ill figure li(|)). The ('()rr(,lillion filling

funviion is tiien of lhe following forin (st,e iil)t)ondix B):

Ill"

lj_ 4'--xiAx--_ (_ lJx/3_

"= 1_D7 (14a)

<+.',_ (141))

|n these e(lulltion,,_ the ('()nslllnls J, A:,lin(I co* hlivl' sp(,('ial-

izod llieilniilgS. Tlic .'l_- is II ('hllrii('l('risli(' od(Iv size thai in

diff(,r(,nl ill nltlgnitu(h, fronl ltu, ]ongitu(lintl] s('M,, of the lur-

I)uhui(.e =_++, and o_* is re]llled Io liiis (qhly size ]iv ¢0"--- [ "/'A.+.

Tile ])liriini(qer j is r('llil(,([ 1o ill(, roll-oft" fro(ilieil('i(,:.+ (lipi)er

ilii(] iOWel') of lhe Sl)lq'll'li] ([(,lisily' ('lli'V(,S It 3 Ilia i'(']tililtli

i
'5

i 1 2 3 4 5 6 7 0 9 I0 II 12

1,4

0

2 Li

.!
6

Delay time, At, millisec

(:i) ']'ypicnl autoem'ro]o_r:lln,

(ti) _\let hod lis_.(I l_l al)l)roxhiinl e _illto(!(irl'ol,.J_rltin_.

}¢I_;URI'; li. -Alllli('ln'l'l,illgr;iliL'..:; {J 0.2; w* {12,i'llt I':idi:ili +-: llOF _l'eon,:l.

.f, _t

.f_ (l-r _)2

Th(' ('Ill-off fre(luenv.v is d(,finl,d in the u.sulii (,h,('Ir(tni(' SOliSe

lis lh(, inlerso<.lion of tile lis3nl[)i(il(,s of the siievlrlll (h,nsity

('lirve willl li horiZOlllli.] line lhr(l/lgh llie liilixiinliill iioinl of

the slii,('Irlil ({(,nsilv ('Ill'V('. Tho reliili()n I)olwvon the (lisliln('l,

x' lin(I lti(, lhne f in lhese ox|)ei'inli,nls is ltn, v,io('iiv (if llll,

Sll'elllll liilii is (r('['. 20),

Equations (14) ('an I)(, a(Ijust(,d by means of lb, qua liliti_,s

M-,tL and _* l(i lit the ('OiTchlgl'anls olllain('(I oxpoMn(,nlally.
It is now oltvious thai the ('onveniiona] deliniii(in (if tile

S('li[('S (if file i lll'])li]eli('V (('t-iS. (9)) is I1() ]onff(,r vlllid, Sill('(, till,

ililegrttl is iliwiiy_ z(,rl) it' {/_ has lile (In'in Ilf e(llilllions (14).

TIll, ])lil'iiiilel(,r J, ]iowev(q', is llSefll] in ()})lliilihig II nioliSllri, [_t'

ih(, ('(hlv siz(,, v¢lii(']i, llfl('r all, is w]ult is nielilil by tile s['lih'

of llie lurlmhui('e. In o(tuilli()n (14ill, if <_,---+I),

:':l)(_-- l )

Ax= Ill _ (Ill)

wli('r(, .,',, is lhe vMuc of ih(, wire s('t)lll'llii(lli wh(,n '.i_ is fil'sl

equal to zero. This _h,lillitioll of s("lh, is rehll(,d l(i lwo qua.-
titi(,s ihni Ill'(' quite ('as S to ('valuilll' froni ihe extierinienln]

('oi'r('lolz, rlilllS lilid spe('ll'ii : (l) tit(' tii'sl ('r(tssiliff, (If lhe lltls('issli

bv liu' ('(li'r(']lili()li Vlll'Ve, liiid (2) l]ie ])iirlilii(qlq' /J, whi('h is

i'ollile(I to lh(, rlili(t of lhe low- Io Ill(, higli-fr(,(tu(ui(.y- eul-(lff

(if lhe Sl)('('l rll] (h'iisil v vurve,s.

I0 I0 2 I0 3
Frequency, f, cps

]"[,;('RI; 7. TyplcM .'-F,t,('lra] +l(,ii+il3' ('urv(,.

Experimenlol
Calculated by

!ronsfocm dleqII7
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The Irllnsfornt of equation (14it) can 1)e ol)la,illed with the

followin_ ,','still"

tilt-'
• "*E,+(:,YlE,+(:,)I

v,l,'vp ,_ is the s_tn,, lls in equnlions (14), and

.,__ co* ( I S)
.1 --2r

l:igure 7 shows n lyl)ivM Sln'clrM density ('urw' ol)lained in

the comt)h,lely ltu't)uh,nl r(,gi(tn t)f it sullsoni(' jel. I1 repr(,-
senls <htln. ohlttim,d +t.Ithe samp time n.n<l _tl tin, sltttl<, h)<'+i.tion

ill tile silllle jpt tlS l}lp ('(tl'l'plli_Zi'it.tll O[ [i_lll'l' 6(ll). .'_ sl)lu:'tl'tltll

titling functiml of lhe type _lt' eqmtlion (17) ,,`.its cMcuht.led hy
Ihe lnelho_ls descrihed in a,ppendix B from the .or|'dnlion

curve. "Fhes,' .Ifl_'uhtl_,d Iminls _tre showll for comlmrison

wilh the eXln,rinwnlnlly ol)laine_l Sllectrlllll.

AC(_I!RA('Y OF MEASUREMENTS

The a('l'urllx'.v of the hot-wire nt,Pn, surenients miMe wit It lhe

(!liilS[ll.lll-ll'ttl])l'l'ilt ill'(' insl i'illtll:ill is dismisse_l ill I't'fl't'l'it('t's l 1

Itn(t 12. 11 is suflicienl lc, snv here tirol lh,i'se nwnsurenwnls

IH'P llltldO tlS It<'Clli'll.lt']V Its lhe ilStltll hol-`.vir,p tllpllSlll't'llll'lllS.

lit menstll'in_ <lmmlilies tirol vnrv rn.<hmtly wilh time. It
<'erla, in nniounl of discrelion musl lie used in ol>Itlining It,.'er-

,ge<l rt,mlings of nwl<.r Iminiers tirol art, .iuntl:.in_ nl)oul.
l_t,ferenct' 12 im'ludt's .n t,vnltnliion of lhe NA('A lwv,is

lnboralory hol-`.vire equil)nwnl and ext)erinienla.l lechniques

rind COlil[)llt'es llleltl v,-ilh oilier svslelllS.

No eorre_'tic.lls hll',e tleell ninde 1o lilly of the hol-wii'e re-

stills for thetinileh'n_lhoflhewire. Inlheseim'lisurentmils,

lhe scnh,s of lurlmh'nce were much grenler ihnn lhe h,nglh

of the hal wires (tl.liS(I and 0.040 in.).

S<)nle of the inlensilies lm'nsure_l xverv lllr<<,.:econlpllred wit, ll

ihe lo,'ltl menn th;w. In lhe constllnt-lenlln'ralure Im,lllo_l of

IIAIOIIIOIII!'II+V lh,pse hlrge inlensilies i'llii lip t",,alltl_ilq'_l (see aF,-

pt, ndix F. rM'. I1 ). In the usual Ilielh.d nml in llie melhod
used herein, hov,e',er, lhe rool lmuin sqmlre of lhe `.'ollage

Iluclulltiolls is used ill I)hl,ce of tlieir inslalllnneous vulm,s.

This n l)l)roxiimtl ion is v.li.I only for smnll ",nlues of lhe IIm'l u-
at ions. N<,vt,rlht,h,ss. villr'tlion studies (e. g.. ref. 5)Imve
shovcn Ihtlt the hol-wire lliIClllOlll/q('l' its<'lf is Clllmhh' of rid-

lowing Iluclunlions in It singh, dir,,clion f:lilhfully up lo 60

to 70 I)t'rcenl.
_tV]lt'ii [.ill' Ihlclulilions in 1" Ilecolne hlrg'e, ClTOl'S ,.,.ill he

introduced hec, use of ihe iillel'n<'lion of lhe voniponenls of

the lurtmh'nce: ltml is, lhe Ml't,vl of .. v. atnd., cm l'nml oil

' dJ/"- o0_4 1 " _-'J :- --- _- ox._

p _.,J_ 1 , t . , J

092 ,96 1.00 I.(54 i.08 Q6 .8 ' 1,0 1.2 1:4 04 .6 ,8 1,0 1,2 1.4 1.6 _0 2 .4 .6 8 1.0 1.2 .4 1.6 1.8 2.0

i < <: ,,,, x\

t'/ / ........ W(_' o 16 \ -v... "-o,:1 /. ,,,6.. ...... ,_ 7._0..... ,, 2<; ....... _. . .\ . .
"1/ / ,, 8.0o . . <> 32 ....... N , . . "-_., , .

_P<" ............... : i

0 .2 .4 ,6 .8 1.0 t.2 1.4 I.'6 1.8 210 0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 44 4.8 5.2

Distance from jet centerline, ylr

(:il ])i_lalic+' [toni jel nozzle .r:r, tb/ l)islance fl'_liil jl,I lil)zzlt' :'t, (c) l)isiance [l'oni .ira nl_zzh' .r'/', Id) I)i>l;Incc fr, mi i,'l n,lzzh' .r /,

1.1.1. 2.29. I.SS. 7.60.

(C) DiSlaliC(' frolit jl'i nozzle .r:r, 7.60, N, and 12. Exit Math nllllll)or, tf) ])isla:lee froln jlq liozzh' :r ,', 16 to -10. l.:xil Mm.h lllillihur, tl.3;

iI.3; ]{pvnolds illlllllWr, 3011,000. ]{eynoht.- lililtl})Cl', 300,0t)0.

FIGURE N. lnll,liSily i)f lill'l)ilh,nc_, ill ])urcelil _lf core vploeily :it Viil'il)ll_ ,,\h Milch :illd'or Ilp.viiohts lllll/ihl,l'_.
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ea(,h other. These errors are ('onsidered il, ref(,l'(,n(,e 12,
where a('lual corrections arc worked ()tat. No su('h ('orre('-

lions have been al)l)lie(I to the results shown ill this ret)ort.

Some of the ('oi'r,4ations measure, l with the average-square

eOlnllut,,r an<t the sum and dilfercn<'e ('ir(+uits (quart, cr-s<ltmre

nmhil)li('alion) show vahws gretLt<q' than Imity. This is, of

('(nu'se, impossible, aml su('h rcatlings musl t)(, the r(,suh of

ina<'('ura('ies in the nmlti])li('ali<)n. In m<lst (d' lheso in-

stances euoug]_ I)oinls are availabh, t(, fair a l'(,asouabh+ ('uI've

will_oul eonsid,,ring th,,se l),)ints ('_>1).

The largest sources of error in lhese exl,erim(,uts were (1)

the ina('('ura('y iu repeating setups afler i)l'ob,,s war,+ ('hange, I,
(2) the fhletuations in l)rcsstu'(, it, the air supt)ly, whi,.h

caused lhwluations in the lnoan tlow level, and (3) the

])resen('e in the flow of l)erio_liv flu,'lualions ,lue h) sound or

l)l'essuI'e waves and floor vil/ralions. It is tlelieve(I that the

lneasurements reiiort(,(I herein for ttu'bulet,'e intensities
less (han 30 i)orcenl arc m)l in error t)v move than _10

1)(q'('ellt,

RESULTS AND DISCUSSION

The results of these hal-wire lnUasur(mlenls are i)resent(,(I
its _ series of graphs imd tables. In g,,m,ra.l, the points for

whi('|I the measurements are rot)erie,1 are sh,)wn in figure 1

_m,I arc lal)ulah,d in table 1. ]h)wcvcr, f.r llw intensity

surv,,ys many more l)Oinls wt're used. For SOllW of the
Col'rehdion measurenwnts, physi('al lilnil al io,s in the amotmt

of wire s,,1)aration ma, h, il iml),)ssil)],, to obtain results at

all the 1)oints in(li,'a.tt,d in figure 1.

'l']w (wdor in whi('h the results are 1)res,ml,'d has no spe('ial

signifi(',m(.,,. The surveys tu'('given for ouly (,m'-half of ill(,

jet, h,,raus(,the jetwas found to b(, csseutially axisynUll(,tric.

i _ o 4.58

a 7.60

0-_,8'-40 -52 -24 -16 -8 0 8 16 24 52 40 48
c

--_ Distance from line ylr = I , percent of mixing-zone radius

.,

.........

...... 7-IT. I l I
20 3b 40 5'0 60 70 80 90 100

Distance from jel centerline y/r = O, percent of mixing-zone radius

(a) I)ist'mccs fr(,m jot nozzh! less than 12 jet radii.

(b) l)isiances from j['t nozzh, grvah,r than 24 jet radii.

I?I(,I"HE i).

.B

2 12

"5

I0
"_,
c

_c

2- I :

(bH ....

0 I0

Sinfilarity of turlmh,nce-int(,nsily proflh.s. Exit Math

mmd,er, 0.3; R(,yn(,hl.-. number, 30fL000.

INTENSITY OF TURBULENCE

The intensity m('asur(,m(,nis were Inade at values of the

nolMimensional radius y/r dislribute, l across the mixing

zone for several positions dOWl_slream of the jet nozzle.

Th,' results of these measurenlelflS art, sh,,wn in tigur,,s ,_ In

10. In figures Sial, (b), ((.), and (d), lhe turbuh,twe in-

lensilv in t)el'('(,ni of ('enlral-('ore vdo(.itv is i)r,,s(mh,d for

:/r vahws of 1.14. 2.29, 4.58, and 7.60, rt'spc('tively, for fola'
Math llulnh(,rs (0.2, 0.3, 0.5, aml 0.7). In figures S(e) and

If), the inl(,nsilv is shown only for a Math nuln}),,r of 0.3 at

.r/r values of 7.60, S, 12, ltl, 24, 32, and 4!1.

()he l)oint (,f I)arli(mlar int,.r,,sl is sll,)',,,xl by figure 9.

Figure 9(a) shov<s that Ill(,turbuhm,'e-intousily 1)l'ollh's imar

tit(, jet liozzh, (where tit(, l),)tential ('ore is slill I)l'('s('t_t) art,

similar in shal)_' and little different in a,'tual magnitude of
the intensity (,t' turt)uh,n('e. As th(, (listan(',, froln the nozzh,

increases, how_'v('r, this silnihu'ily ,lisal)l)ears only to ,h'-

v,,h, 1) again in a ,liIl'('rctH forln far (h,wnstream. Figure 90,)

sh(lws the real)puaran(!(, of u d,'gr(',' ,)f similarily, esp,,rially

at points remov,,d fr,)ln the (:..tfl(,l'lit.. of lh(, jet. ll.'r(, lhe

t urbuh,lH veh),'itv I)r(,fih's are t)o,'onlit_Z (luile Ilal for a
large t)art of lh(' lnixing z,)m,, the maximuln value of the

int(,t)sity inoving rail from the j('l ri,nt(,rlin(,. Fi,:ures l[)OI)
to (d) show tlw itu(,nsity of lurl,uh,u('(, in l)(,r('onl of l.cal

mean veh)('ily for lhe sam(, Xla,.h i_ulnbers and the same
x/r values as figures S(a) to (d).

"5

09
E

J

90.94 .98 1.02 1.06 1.10.4

l 1 T Z

1 I I I

1I
tt

t ,,

H
.6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Exit Moch Reyt oils
number num )e "

M' fr,' '

1 _u .3 500 0()0
I_o .5 500 Ot)O _
i_v .7 725 O()O- -.- -_ .....

6 .8 1.0 1,2 1.4 h60 .2 .4 .6 .8 1.0 I.'2 1.4 1.6 1.8 2.0

Distance from jet cenlerline, y/r

(it) I)islanc(, from jvt nozzle x/r, (c) I)ist'mce front jvt m,zzle x/r,

1.1,k 4.58.

(h) 1)istancc from jot nozzle .r/r, (d) ])istanc[' from jet hozzle x/r,
2.2(,). 7.60.

FlOraE l(I.--Int_msity of lurbulancc in perccnl of local velocity at

various exit, Mach and/or }'(('ynohts mushers.
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Th(, .t(,.,tlv(.h)<'ity ])r.tih's

t.0_

.8

.6

.4

.2

(ol,l.in(,<l from total-pr(,ssttr(, sm'v<vs) m'e show. it_ tig'ur(, I1. Tit(, lo(ml m('_m velo('ily

])lotl_,d again:l tim non(lim<,t|siotm, l rt|(tius ff;r for tit(. entir(' r.nge of Xla('h |mmt)(,rs

' T

I

i

I.'8 2.0 2.2 2.4 0 .2 .4 .6

.... I I

:!iT

+---., _

• -- + * ......

'_.8 '2202.2 2.4 0 2 3 4

T

i+
+!i

t! +

8 9 I0

<t-

i-
ll 12

7 8 9

(:t) l)i_.tatw_' fl'_m, jet n.:_zzh'x/';', 1.14.

(e) I)i:,.,l:t.(.i, fr.m j[.t .(.zzl[. x/,', 4.58.

(e) l)isl4tHel' from j_'t .()zzh, x/;', _.

(g) l)istancl' from jet, .ozzh' x/,", ]6.

_i'_ ])istan(.e from jet, nozzle xh', 32.

I0 II
Distance from jet centerline, y/r

.... ! ' -

120 I 2 3 4 5 6° 7

1

8 9 !0 II 12

(b') l)isl,:ul(,' fr,.m_ j('t n()zzh' .r,,/r, 2.29.

(d) l)i,'.ta.(',' fr(Hn j('l llOZZ]( +T,/r, 7,60.

(f) ])islan('(' from j{,l t.)zzh, .rb', 12.

(h) l)ist, atw[. front j(,t hozzh, _r+ 24.

(j) I)i..:ta.('_' from .i_,t .()zzh' z,,',.', 40.

F_uuI{t.; 11. -5,[fan vel,.cily |)rofih!si
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12 16 20 24 28

Distonce from jet nozzle, xlr

0
100 2(3(3 300 40(5 500 600 70Q 800 90(3

Airspeed, ft/sec

Fl(;liiii-: ]4. Viirilili(in (if inh.iisil_)' of {urlm]c, ll(.c wilh air<lwed for
(.ir(,lli_tr nozzh,. Disl:.lti(.(, fr()ln ll(izz](, .r/l', i.;3_

The lU('lill vchi('iiy I)r(ifiles li, i'(' tl,]so siniihu', ti, s is showll in

[iglll'e 1'.2), whl'r(' lh(' ratio of lhe lo('al llll,llll velocity io lh('

niiL',;inilliil nieli, ii vei()('iiy is i)lolied ligllilisl li nolidiliilqIsioiia]

niixing-zoli(, widih. Tilis widlii is dcfiii(,(1 |is iht, ratio of

lhc (lislil, n('(, [l'oin lhe |el cent(,rline lo lhe f)oinl wiiei'u liie

lo(':d v('hwiiy is lillif it|(' nuixiniuni vuhicily. The figure

S}lOWS Vi,l'V w.']l lilt, d('gr('(, of siniihirilv f(n" all (listll.ll(.i,,,-;

Iron| lhe |el n(izzl(, li,_ well llS for lhe (li|t'(,i'(,lli ,\hi('li iiunll)ers,

AIsil showli is li (.Oliil)itl'iSOli wilh lhe lhe(u'(qiunl Ill()nil,nlllni-

li'llalsfer i'('_u]l,_ ll_s g'iven by r(,fer(,li('(, 2',,).

']'lil, i'esiill o[ iiiese iileilli w'locily sludies is ._llOWii in

figure l;t, wh(,r(, lhe iq)i)i'oxinnl, l(' j('l, }loull(hlries ill'(, shown

f()l' lhe dift'creiil _|tu'h nulnt>ci's. The l)(l_ilioliS of llie zlq'(i

velo('ily, Ih(' oii[,-hli, if liiil_xinilliii, llii(I ltll, (,(il'(, v[,h)ciiv I1,1'(,

siiowii.

.,_ (.()nil)nl'iSoil ()f f[glli'i,s _ ll31d 11 sh(iws lhlit lilt, inllxilnilni

intensit,y ()(.(.lll'S ill,ill' the ])oints (if inlle('tion of the vclo<,iiy
])i'oiflh's lit li, l)])r_)xinnll,eiy 1 jet, rildhls fl'oni file (.[qltlq'lin(_

for distan(,(,s frolil ltie j(,t ]lozz](, ill) to lii)olll 10 ji, t radii.

:_is |he disllince Iron| lhe ltOZZl(, ilt('i'l,iis(,_ h(iwt,v(,l'_ i,his I)O_i -

t,ioll (if lhe illllXiillllill inl(qisil,y })egill_ t(t illOV(, oul fr(tln the

jet ('(qlliq'liiie> i_nd silllillirity (if llie I)rofilcs l(';_lds hi di'v('hii)
fii,r dowii_lrt'li, in [i'oln the .liozzh,. Tile ('llrv(,s sli.w liial lilt,

line of nili, xiliilllii sh('til" niovl,s out |'roni lh(, c(qiteriilie li._ it.,

(li,_llilic(' (hlwnstreltni ot' 1}11, |el ]iozzh' in('rl,lises.

The ()t)s(,rv(,(t lurbulence l(,vl,ls de('r(qised with in(Teilshtg

_llirh lmd/(ir l{i,yn(.l(Is liunlller i,]ir.ugli()ut llie j_'l. Figui'('

14 slio-ws ililit tl_(, l.,v,,l of turtluien('c in 1,ill. ri,nli'lil ('(ll'/, and

liI, lhe i)osiiion _t' niiixinluni int(,nsiiy (tl,(q'elis(ql wilh hlcl'i,lis-

ing ('xit ]\lliuh lln(]/lir J{(,yn.ids nilliilll,r, lit i_ not (']elir,

}i(tw(w(,l', lhnl, lhe turbuhql('(, wlii('ti is glqllq'ill4ql Jli l,]ie j('t

nib-;hig ])i'o('(,s,_ would (.hllngl, with jel, _liu.h ]iunil)(q' if i|iei'e

wer(' lio islilial llil'}_li](qi('(! in lhe jot. The (hq'i'eli,_e iii inLoli-

siry showli for lhe core nniv I)O_siliiy exl)lllin lli(, d(q'retise

holed in the mixing zo]ie, if It|is (,xl)huiiilion i,_ ll('CeliLe(] ,

the resuit,_ <if the iliie_lsily Slll'Vi,ys |ire ill ii fair ilgl'(qqil(qil

wilh tiitl_c ri.l)_lrled in rl,f(q'i,nx.(,s ,5 till(-| _.

The llli'})lihqi(.(, hitensity (if the /,-(_Oliil)(in(,ll{ (if the velo('-

it,y thi('tulitiolis was iniqisui'ed llA, four l)oinis in |he jet.

Tiles(, nilqiSlii'iqn(qtts, illong will| lhe c()rre,_l)onding u inten-

sit,|(!s, lll'e i.lichid(,({ in tal,h' [[. This hltlh, shows liull, lhe

// luid _, inicnsilies lii'(' li(It (qlilli] bill niiiv (litt'cr I)y illiillli,

ll_ lUUClt il,_ 17 ])(q'('ent.

T.\I_I,I:. II. ('()MJ'AIIIS()X ()F u ANI) _, IN'I'I,;XSIT'f

M ]'].kS (: I{ E M E N TS

i

& 1 0()
i

1. (ill

I)

-Ii_ it 2

( "t,,c

O. 241

• II)l

• 7lift

.14_4

_t 'r:'_ 1)ill'l'r_'nc*' _,

( "lo,! I 1)l'rcIqi|

D ') q. .1. fl 4

.11_4 liL_,

• 241 -- II) 4

• 131 -- IlL 4

I)il_'tq,ql('l' iS irl lll'r'(+('ll[ O1"$ili;ilhq II t'IIsitv



INTENSITY, SCAI,E, AND SI'I']CTRA OF TUII, BITLEN(_E IN MIXING RE(II()N OF FREE SU]_SONI(' ,lET 901

[

0 .04 .08 ,12 ,I 6 .20 ,24 .28 ,52 .56 4.0
Wire separation, "n, in.

(n) |)i_tanc[' frmn jet; ernt(,rlin(' ?t/r, 1.0GS.

(b) l)i.,,l:tuc(' frl)m j(,t, (_[mterlin(, y/r, 1.[i0.

(c) ])istanc!r frmn jl,i cent,.rlim. :/it, ().935.

t"l_;(t¢l.: t5. l,aleral v(,h_-ity (.orrulaiim_:,. l)i.,,l:u,('(, from j(.l nozzh,

.rr. 1.1l; q'xil. Ma<'h ntmtl)('r, 0.3; l{,yu()hls mnnher. 300,000.

LA'rERAL (',ORRt':I, ATH)N COErWCI_:NTS

For e_l('h_(lisllmee fr_im the jet nozzh' &/r, thv(,_, diff(,v(,nt

(listmu'_,s []'()ln th,, jet ,'(,m(,rlinr y h' woro used in the mt'lls-
nrrm('m .f lal('nfl ('orrelliti(m (.oe[ii('ienis f(w all th(' ._l_wh

mmd)rrs btw,stigitted At. t)ositi(ms downstream gv(,at(," than

at)pr()ximldely 1 jet (lbmwier, thr wires ()n the probes ('todd

not b(' Srl)_lr_llrd flu" (,nouFh lo r(,_i('h zero (.(,'r(,lation. Fig-

urrs 15 and 16 lira' tyl)i('Id -f th(, results for flu, lat('nfl col

rrlati(>:n ('orlti('i(,nts. Figur(' 15 shows the viu'it_ti_nt of the
]lit(,rlll _.()rrehlti_).u f(w &/r of 1.14 and for three y/'r ",'_du(,s.

l"igur(' 16 shows the ]al('rifl (.m'r(,lation for y!r of 1.00 at
._rv(,r_fl .rr v_du('s. Als(_ ._hown on lh(' eurv('s ()r flgl,r_ l(i

at(' ('Xl)(m('ntild eurw',_ tirol h_lv(, 1)(,(,n tilted to lh(, (hltli.

TIw _grr_,m(,nt is go,.I for .,_'r v_flu(,s .f 7.60 lind 4.5S })ll|

mdy fair for :/r of 2.29 and 1.14. In sam(' cases, ]i()wever,

thi_ :tgrr(,nlrm, justifie_ lhe use (ff (,quatiml (12) lo ot)tld'l

eqmni()n (13) f(w the Sl)('(ttrid density fim(.lion.

O
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hO

.8

.6

.4

.2

0

m

[

.04 .08 .12 .16 .20 .24

Wire separation, -r],

.28 .32 .56 .40 .44 .48
Ifl.

.52

],'1_; v t.u.: 16. l,nl.m'al

iin_, !l'r, 1.00: _'xit

-- o Exponential e-Y/_,(fiq. 15)
[] Integrated J_;, dy (fig l_.)

---- Least squares

v(,h_(til,y eori'ehttion,_. ])islauwv frlnn j('l ('l,nl(.r-

.%I:t('h tillint)tq', 0.3: ]{i,yn_d(ts iittnii)l,r, ;J0(}.000.

.:i

I

/

fG

i
f

/6
t

I

OJ

/
I

I I
0 .8 1.6 2.4 5.2 4.0 4.8 5.6 6.4 7.2 8.0 8.8

Distance from jet nozzle, xlr

FIGIrRE 17. -Varl:llion _)f htl('ral ._(.lh, wilh dist:ln('r frliln j(,1 llOZZle.

l)i+_hlnce frl)lll il,t, ('t'illl'rlill(' _/ l' /', 1.00; ('xil _l:i['li llUllill_,r, I).:t;

]{eyn(ihls iillliihl'l', 300.0(}0.



02

I.C

.6 !

<%
I

.4 I

._ .2 _ ....

_((

$0 L _ =

,%

REPORT 1292 NATIONAL AI)VISORY COMMITTEE F()I{ AERONAUTI(TS

I

1
I

a..

i

I

o .....
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\

I

_; %'- i

- (b) ....

0

0

o
V

I
M Re

0.2 192.000--
.3 300pO0
.5 500000
.7 725:000

J

q

.14 30

I

i

.12r i ' ' " _ _, O_stance froml
! ! jet nozzle, i

xlr

; .5?"

-_¢ I , i I / i I I

n,_L_ : • _ ___.i _.i_ i L . + i l
"_'.1 .2 .5 .4 .5 .6 .7 .8 .9 1.0

Exit Moch number, M
I ] J ]

192 500 500 725x105
Reynolds number, /:?e

Fl(Ium.: 9. ],:tro(,t (if exit Mac'h at,l,',>r l{(,ynolds nulnh,,r ()n lateral

s(,ah, of lurhuh,tmo. I)i,-,l'ulcc fr nl jet c(,n(erlin,, _1/,'. 1.00.

LATERAL SCALE OF" TURBUI, ENCE

The ]ateri,l ('orre|_lt,ion data of figures 15 nnd ]6 for
y/r= 1.00 are compared in figure 17, where the hlt(,rnl s('nle
of turbulence is shown as n function of distance downstream

of the }mzzle. An exl)onential curve was faired through the

data points of the ('orrelatio:l curves (fig. l(;), nnd a repre-

sental;ive value of the scale was o|)tai]x,(|. Tile l'esuits show

an apl)roximately proi)oriio._ml increase (,f hlter'll scale with

distance from the jet }r()zzl('. The h,nst-squnre line gives

the relat, ion

_- 0.0:36_. _ 0.04:_ (] 9)

which compares with

4_,=0.02s_ (20)

,t0 .12 .14 .16

I)isI ailCl! fF{)III

given in ]'eferen('e S+ l,ittle, if nny, vat'i,.ti(m <)f the lateral

scale was fouml wilh distnnc(, fr()ln the jet centerline.

MACH AND OR RI;YNOI.I)S NIIMBER I.'FI.'I_]CTS

IlL ]_glll'(' 1£ lll'O ShO'Wll |lIP t'tl'e('ls of exit+ M'u'h and/(,r

]{eylu)lds }tllllll)('l' o:lt the |ILl el'Ill ('()rl'('Jillhlll ecu'ffi('i(,]lt, '_/ ns

il f/I]l('tiOll (if vch't' sel)liriilion for +_lil('h }IIIIIIbITS lit 0.'2: ().;<_.

0.5, nn(l 0.7. 'l'h('s( ' ('ul'ves slum' m) va.rintion of lai(,r,fl cot'-

relation coeflich,iit. "wil,h Xlnch li]i(I/'()r J{eynol(ls }illnll)er mid

show ('](,tir|y 1}ill1 lhei'e is litth, or llO eft'cot (if' _lll<'h lili<].'<ti'

Reynolds lltllllill'r ()]l llu' lillerill s('ille. ]¢igui'e lit Slllllllltl-

rizes flu, dnla of figure 1£ till(I shnilur dnlii f(tr r)+ ()t" 0.57

nn(I I. 14 IlL q tixl,d ff/r (if 1.0(1.

I,ONGITIIlIlNAI, CORREI,ATION COEFFICIENTS

Tile hingitudinlil ('ori'iqllti(ins llioilSllri,d with l.wo wii'(,s ilro

given in figures 20 lin(I 21. Figure 90 slum's t}ii, \'lu'intJ(m

of the longiludinlil ('orrehllion ('<)ellicient, '_, with (lisilin('e

a<'ross the lllixiJig Z<)lie for a(,r of 1.14. At ltl(' I)</inls itotlr ilic

('ore (it" the jet, (t/'r< 1), strong Iieri(idi(' sig:llnls (if iil)l)r(Lxi-

hill, rely ,g()()O ('its were ('ll('()untcu'('(]. Tlieir l)r(,s(,slco ('iltlSl'S

the n pl)llr(,iit s('nttcr in tim (lnla ()f figures '20(g) to (i). The

sour('(, or t.ht,se distur})an('es is unk:{iown, but iho waveh,ngth
of the disturl)n3i('e is nl)pr<)ximately half lhe dhtmeter ot the

jet n()zzle, lh,r}inps transverse os('illati(ms are resl)o:,lsit)le.

Figure 21 shows the vnrintion (>f the ]()ngiiu(li]uil correlation

('(lefli('ient with disian.ces fl'(iln liio jr,1 nozzle oJ 1.14, 2.7q,

and 4.58.
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l:.sl)c('li(), of figuz'cs 20 aml 21 sh()ws that tim h)ngitudi,ml

('()rr(,lali(m is af]'(,('l_,(t hy vaz'ying and This (,ll'_,(.t
,,','ill h('('()m(' m(.'(' al)l)arrnt wh('n th(' lo:ngitu(ti:md s('ah, is

evaltmt(,<t I'rom the an'a un<lm' the ('(.'r.'lat.i(m .'.rv.'s; th('
",m'iatim_. is <liscuss(,d in the section I,OX(_tTt'DZ×.',L S('+XL].:

," "1OF [ t'I{IHTLEN('I.L

AUTO(X)Ill¢ El,AT[ON N

Th(, aut(t('orr_,h_li(m, t'tm('li()ns art, ftr(,st,,,Hcd lit figurt': 22

and 2:;. Flour(' 22 shows lhe aulo('orrelalio:il <'.cttiriw_t as

a, fu.rliot_ or d_,lay lime in miliis(,_.o:,.ts h.' a lix(,tt .r'r yah.' _,t'

1.14 and fro' tl, r values (tislrihulcd as sh.wn in tigm'e 1.

:Figur(' 23 sh(.ws ('t,rv(,s ot aul.('orr_,l_tli(),t r(,('fli_'i('.t aVainst

th'lay tim(' i'oz' a tix('tl tlr of about 1.()0 Ira' s('v_'ntl .r'r valttcs.

Again, lht' ('ll'e('l t)f varying .r'r and !/r wi]] hcrontt, al)f)art.nt
wtu'n th(' s('alc ot ltu'l)ult'n('(' is dis('ussc(I. In figures 22 and

23 Ih(' i,Hlu('m'(' ()f thr l)eriodi(' (lislm'ha:iw_,s is t'xagg('rat,'d

l)rr,.ust' t)f t,ht' sizt' .f lh(' lizt.'-th'h_ v i:[ll(TVll]:':.. Tilt' gl)ll0-('l)S

st)trod wart' is CSl)t,rially t)rtmtim,nl, as w(,ll as anolht,r lytw

tff cxtra nc.t_s sig:.al that l'esu]led [']'onl th..' vihrali.ns dut,

h) heavy machinr,'y in lh_, hui]di:_g Fro' ('xamph', tigtu'cs

22(_) and (h) show both lytws ,4 i.|_,,'fl,.',..,'.. 'l'h(,sr

wigglt,s arc 11o| prrsenl in figtu'e 23, wh_,re tim dislritmlion

wiih tlisla:,t('e dow:,tstream .t' lh(, nozzlr _)f lh[, j('l is shown.
As has t)et,n t)oi:t_t(,d out, thr atzlo('()rr_,hlli_ms ('a:,_ ])(, t'()n-

v(,rtt,d It)longiludi:,)al ('orrt'lations hy ('crtain r(,lali(ms of

t,hc mean flow. Figm't, 24 shows a ('(}ml)aris.n of the two

mrasurt,mt,nls _,f lh(, h)ngiludh_al rm'rchHi.:,_ ('.t,flh'ient.

Tht, agrct,mt,n! is (lull(' good, a,td tht, ('urvt,s sh()',vn arc

lyl)ical .f the mt,asur(mu,:!tts. Th(, 1wo-wir(, ('orr(,lali()us

l,'H;rtu,: 21. l,m,_'ilu(liual v,,h,('ily ('(n'r_,l'_ti()uls. l)ist:m(.(, from jet

('_,ul,[,rlin(, it,'' 1.00; ('xil .",I_._'h luzmt)_,r, 0.3; ]{t'vll(_h]s IiIlm|)l,r,

300,(100.
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('(,uterliue y/r, 1.154. (e) l)isi:t]lce from jet e(mierlim, y,'r, 1.0i). (h) l)istaul'_, fr'oru jet cpnierlilu, fl/r, ().S4(L

cenler'lint' y,h', 1.103. (fl DiMant'e from jet uent(,rline y/r, 0.919. (i) l)islan('p from jet c(,nt(,rlinu.q/r, (i.791.
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were measured with the quarler-S(luare melhod of multil)li-
('lilt(ill usilig the liVel'lige-s(tutu'e (.olnputer. The one-wire

i'esull_ were ineil_,ui'od with the tl, lulhlg Inullipiier. If hoth

liieliSllreliie.lil_ ]ili(I ])Ceil iiiiide wilh tile Itiilllog niuliil)lier.

t, lie iigl'i,i,lnelll would prol)libly t)(' even I)l'ttei'.

NPI"]CTRA Ot" TURBlfLENCE

'rhe Sl)el.trli (if tiu' _-('olill)(ment of tit(' turl)uh'n! v(q<,i'ity

lil'e shltwll in figlu'es 2D lilid 76. Figure 2D sliows lhe _l)e('il'll

for li fixed r:'r vlihle (if 1.14 llJid il_ sei'ie_ (>f _j/;' 'cllhles dis-

li'i|)uled ll_ _li()w;li i{i figure 1. ()11 liie olliel' hlind, |igui'e '2ti

l)l'(,s(,iil_ tilt, sl)l'('li'It for tl fixed _/,"r vtiiu(' of api)roxiiniill'iv

1.00 lilid it series (if .¢,,'r "¢llhles. 'l']ie (']lliltge ill the sl)e('tl'It

wilh dishinl.e Prltlii the nozzle of lhe j('l iS lirhnlirilx 'l stiift

of Ollel'gV tti h)wer fl'('(tll('ll('i('_ li_ .r/'/' ill('l'('i/_l'_. The efl'e('l of

this iil('l'eli,_e will I)e (lisl'u,_s(,d lit the lilne ltie ltlngitudinltl

_('ilIi, of lllrilllieJll'(, i_ _'()nsi(h,re(I.

(it) l)iM.iui('_' fl'llin j('l cl,n/erline y/r, l. It)3.

(1)) |)i-ditIil'e fl'Olll jtq (_t'lltl'l']ill(' ?J[/', 1,00.

FIGURE 2-1. ('(llliil:tri.,-oil of hiligiilldin;tl veh)cily uorrehitions Jr(lilt

one- and two-wire llit!l luxt_.
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(al l)i.,.laue_' from j_'t nozzle .r/'r, -1.5_.

(I)> l)i>-tatw<, fl'()JIl jet. nozzh, x/r, 7.60.

I"mv}u.: 27. (k}lnpm'isott of spuetr'a o})lailwd from a h<_i-wiru alH'mun_-

_,l<,r :rod :t mierophoi.,, l)i_-iaue_, fro]|l jel, e_,trh,rlim, .:I'% 1.00; exit

Maeh numh,,r. 0.3: l{,'vludd- mtml>vr. 3(]0,000.

i : I U I " '+°
! i !i'.:!! _ l' + :lt+_ilI : :ii_f : : : _:::'. + + _:t:+++ ', __u-____

There is ttma, rl<_'d Nmng(, in tht, u Sl)t,vtr_t as the di,+tanc<,

from th<, jt,t <'(,nterlim, !//r is changed. A..+ th(, core of the,

jet, is aplmm<'hed, a signal at at)tn'oxitnat('ly Slit)It ('its in-

('r+2tis(,s t)y IllOl'(' l]ltlll till Ol'd('l" OJ tmtffniltt<h,. 'l'hi._ si,,.,,md
was lwli_,vt,d to originate from a sotmtt way<, of that. frt,-

qtlell('y.

In [igun' 27 are VOml)ar_,d mi<'rol)l_on<, spcctru and h<)t,-wir_,
spect.'_, r('<'ord_'d for two dilft,rt, nt vaht(,s of z,v' with th(,

lnicr(:,i)hont, (lisl)lacvd in the :-directimt to removt, it from

the airstr_mm. The prt'sem'(, <+f tt stt'onff si+znal at appr()xi
mately ,_0()0 <'p:. ++xl_i('l_vim lw ._et,n on both :-+t,t_ ,_f rec.t'ds,
s]lows |11_11 tl Sotlllil "+x'tlve is in(h,d tl., s, mr(.(, <,f llt(, exlr_t-

tlt'OtlS (] isl tll'[)ll ttl't,+

1,ON(;ITUI)INAL SCALE OF TITRBUI,ENCE

Th<' longittt<linal :cah' of ttw|mh'nce =_: wa._ dt'tt,rtnint,d

by inteffrating lh<' are;t umh,r the ]ongil, udimd ('_)t'_'_'l_tti_,}t

t.8

:.4

.0

.6

.2

.8

.4

12 14 16 18 20

y/r

t:, 2.000
a 2.400 +
o 3,088 +
,o 3.772
o 4.460 +
o 5. 143

('m'v<,s. TI,' m'('sult_ :try, d_own i.,t tigm',' 2,_. A slrai,:ht li+w

has l)('en Jittd to the dalUr by llw m_,th.d of ]fast, S<lUtWes

di_. 2_(:t)I. Tiffs ,_trai<,.,,hl line r(,F.r(,st,:ttl_ tlw vat'iatimt of

tht, hmgitu_li:mtl +<'ah, quit_, wt,ll for <listan+'_,s from the jt't

n()zz](, lt,.,.+_ lhan 16 radii. In tlgu]'_, 2S(t)) the results art,

I)h)tt<'d for (]()v,,tL,411"(,tllll ([isltl'll('('S ttS gl't'ltl its 40 j('( I'tI(]ii tlltd

sh<nv ('h'arly the <]e('r(,ase ill h)nKil u(linal +,';tlt, it.'-+llw <lista+qt'e

from II,, j_'t n<)zzh, i+ in<'rt,a+_,d l)<,+vmt(l 16 radii.

The lo.n_ilu(lilttll s<'tlh, i)f tttrl)uh,<i<.t, was (,vahtale<l hy

ltwtlns of _,qmlti_m (13) aqd lhe sp(,<'trul density t'ut'v<,s of

fiffurt's 2.3 anti 2ti. It is ot)vi,)u,_ t'r_mi (,(lUll.lit)it (13) lhtlt.

C Y(°>++'"'
4 (21)

,_,vt,rttl +('l,,m,,._ hay(, h<.,,n +_u_<,st(,<l I<)evalt,ati' .'7(0 . the

:l)('etrtl] (h,n+_ity fmt('ti<)n fur zero fr<,(lU<,:q<.v. For _,xantl)h, ,

v()]I K+]rnltltI (r('f. 23) .'.u_<','+,t ,'..;thal l(w snnlll vttlu(,s <)l.f un

expres+_itm _I' tlw typ(,

t't :9',)_/c.:):(_+v4j.=:.....
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]"iliin_ _ll(,(.l ral (h,n>il,y (]at:l I(J (,mpirieal formula (r(,f. 2;]).

O .2

lq_;l+ar; 30.

Z()lli _,

.4 .6 .8 1.0 1.2 1,4 1,6 I,8 2.0 2.2
Distance from jet centerfine, y/r

\'ari:lt i(m <_f h)n_it u(Jhut] :'.:U:L]_'(d" I,u J'l)lJ]*'ll('(+ :j_,l',._>4_lllixin_

Exit M:l('h mmlber, 0.3; |b,yIl(4<],, numl.,r, 3(10,000.

can I)(' used it) ('xtrat)<)hd(' 1() zer<) I'rt'<tu('tt('y. C(wrsin and
[q)t,r()i (ref. li;* used this met,h(.] lu ol)lai.u the _('ah, of fur-

l)tile:n('<,. Figure, 29 shows the r(,sult of fitting the (]ata with

a vurve of the form ()t' (,qua ti()tt (2'_)) f(w fr(,qtwn<'i(,s <4"5ll,(t (.i)s

or ]('s_. It is seen that this methud gi','t,s :.m(,wh_t l)('ltt'r

results than e(lunl,i<rn (13).
][ this meth.d ()f extral+.htti<m is t_.(,(l, a vtlhlt, _)f tit(' seal(,

<)f turl)td<,]+<'(, ('+it+ t)e ohtained. It is eml>lla+ize(l, howt'v('r,

that the two values .[ the s('ah' <)l)t,in('d (hy fitting t,ht' ('orrt'-

ht, lion <'urv(, ",,,it h the best t'Xl)O:nential aml t)y fin(ling t,he best

fit f<)r the +l)('<'lt'al de:u.+,itv. <'tu'v..('('o,'di(+_. t. ,'(luati(m ('>')))--
are nol )w<'e:_arily the +ame. 'l'hi_ parti('ular examt)le shows

the relative iu:uh'<tua<'y of tit,' m('th<)(t .f ('(]mlti()tl (21) for

()t)tainiJ_g the _<'ah' .f itu'l)t,h,.n('t,.

Tlw m(,th.(l t_,.+t,<]i:tt lifts ret)orl v:a+ *intl)lY t. fair the t)('sl,

('urve thr.ugh the eXl)erimt,ntal data and e_limate the maxi-

,Htlll] 't,'t|hl,, (,f jT(.f), rFhis \',lll,(' (,J jT(./')is ('.it]I(,(1 th(, j/(O)

used in e(llmti.:q (21). This lilt'tit()(] 7i",'t'+ ,,'ahlt,s <)f _.._+.that,

agree v,t4] wilh the va]ue_ ol)lai:qe(] t)y inlegrati(m <)f lht,

('<wrt,h)gt'am+, as is sh<)\vn in figure '+.),_(a/. lhus vali(lating this

m('tl.)d<)f:t,](,_'ting_'f(1)).The values of _. a.'t,l)h)it,edin

figure 30.

Exr_minati():q of ligurt,s 17 and 2SCtt) sh<)\xs lhql _._+- is

s(unt,wlm.t nmr(' thtln t\vi('t' its [at'gt' its _,,at .r'r N. l:n h()th

J'l.gtll't'."L th(' ",aitws <)f _, a+t(I _+ hw .r/'r1.14 fall I)t%w the

h,ast-s(luart,s liuc+. The _(.atltw ahotd that li.,u, is,mall ex-
<'t'l)t for tills t)()int, l:nsl)t,t'ti<)n of figures '2S(a) tm<] (I)) sh<)\vs

tlutl it may l)c l)ossihh' t() fit th<' data with st)m(, _..ntl)inali<m

()f it, l)tIl'tth_ItI, u I) t()+r'," =16 tm(] tt straight lint + lht,rt,a, fter.

This l)<)s+ihility +tlggt'sts that the ehttrt_('ter .f the lurlml('nee

('}lttJtl_t'S tit ill)trill, thtll tlistan<'t, from the n,,zzl(' ,,f 11+(' jet.
]n the ]nixing z()n<,, the s<'a]e ()l' turt)tde:nt't, is given I)5" one

rt'lati(m, whih, the tlisttl)pt'ttrant't' <+f the _'<w(' rt,stdts in an

(,nlir(4y diff(,rt,nl <)tlt,.

This l'.('t is ttM) *]_()wn hy [i_urt, ;+(), wlIMi _i'_t's tht' relatitm.

<)f the ]t):qgittMimd st'at<, t() the <listant'(, l'r.m the <'t,nttwlitw

<)f tiff, .it,t. A_ l(mg t:ts tht,rt, is a <.twt,, the rt,htli<ui_ is (MinitNy

t)jle l yl)m v,-hi_.h <.htt>t+t,.,.;marl.:(,dly Ul)Ott tht, <lisal)l)t,ttra,:tu:t+

tff th<' ('<we. This <'ha:.tge, h()wt,vt,r mttrl.:M it ttuty l)e, <h)<'s

/ a

n<)t, i:nfltwnt't' the l)tMti()n <4 the hlr+a,_t ethlie+ L_ .........) _t(,a,r

the y,"/' valtw t)[' <).7 h) 0.S for ,,'ahw_ .f ,.,'"r_.lli.

Au tumly_i_ of the t't)]'r<,h_gran_s ttntt si)t,t'tt'{_grams wa:4

rtmtlt, usi:,tg th<' ,'tlutttitm

.r.( _- :+) (23)
A+,:= --- In #

The A s<'alt' .f the ttu'l)uh'twe was t'.h'tLhttetl l)y the m.,th<)ds

t)ulliltt'd iu til)l)t'ndix 1{. This A st.+de is dill't,re.ttt frt)tn that

()f the co:nv(,:,tti()rtttl scale ,_., hut lht' t)vt,r-all t)i('turt' is mu('h

the santt,. ]:igtu't, 31 shows tl_(' v.riati.n t.f this A st.tth,

"widt <ti,-;tan.'t, tr<,m the jet :u.zzh,. llere the variati<m is

lint,at' witlt :,'r, ct_ was sh.wn i+t figurt, 2S(tt .
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FIqllRE 32. Exit 5Ia('h _umh(,r, (.I.3; R_,y]l(_ld.- _uu_d_vr, 3(10 000.
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(a) N() filler.

(h' Band-lmsS widlh, -180(I to 520(I ('F.S.

(v) ]'_:u_d-I)aSs v. idlh, 2900 lu 31(10 el>S+

(

%1

-I.(

,%

(el

0 .2 .4

.4 .5 i6 .7 .8

\

,8 1.0 I.2 1.4 1.6

%,

-,I

-.1

-I'

At,

(f)

.24 .28 .4

Delay time, millisec

.8 1.2

-
1.6 2D 2.4 2.8 ?, P

((l) ]'_an(l-l)nss wi(tlh, !lilt) to 110i) el)S.

('J l_and-pass width, 4S;0 to 520 t'ps.

(f) l{aml-|)ass wi(lth, 1!11) Io 211)(.'ps.

["I(:I:RE :{5. +._lll(morrt,l:tti<)ns for .,,I)(,('Jiq(' hand-pass fr(,[llmn(.i(,s. ])ist:m<'e from ,i_'l n_zzh, xc, -1.5,";: distazu'e fr(mt j_,l ('entre'lira, qr 1.2(lfi; +,xit

Maeh nttm})(q', 1).3: l{,.,yn()hls numi)er, 300,()(IH.

• T I (?ORREI, ATION WITH SPECIFIC BAND-PASS INPUTS

.\s all a<hliliotml test of the auto('orrt,lalion te('hniqu(, fin,
obtaining longitudilml ('orrt'lalion <'oelli<'i(,nts, the hot-wit't,

signals were t)ass(,<l through eh,('troni<, tillers set to pass (rely
sl)e<'ifi(' I)an(ts of fr('qu(,n('ies before they vcert' f('<l Io tht
<'orrt,h)lion <.Oml)t_tt,rs. I,'igures 34(a) and (h) show the
eff(,+'t of varying' the Imt_<l-lmSSv¢idth. The <'o.'r('lati<ms (h)
not <'hang(, nmtt,rin]ly as the width of lhe tmn<l pass is
changed t)y a fa('lor of 4. (,x('(,l)t that lilt, narrow t)antl 1)ns+
1)ro(hl('es 't. gr(,nler negative correlation (r('t'. 21). t"igur_'

34((') shows the ell'e<'l of <'hnnging lh(, <'enter fr(,(ltwm.y of

the l)an(l pass.

In figure 35 are silo+,,]+ lhe auto<'orr(,httions for the (,:,l)(,ri -

m(,,_ts wh<,re Ill(, hot-wire signals were 1)nsse{I throt_-,'l_

el('('tr(mi<' filters heft)re I)eh+g fi'd to tilt, corrtqal i(it_colnl)ut(,r.

This fig't_r(' illustrntes the <'tt'e('l of varying the ('enh,r fi't'-

(lllell<+y of tilt' Imn[I ])_l,ss, as (lid ligut'e 34(('i, and also sh(ms

('h'arlv h.+,v the 1)rest,n(.(, of the tilt(ws ('hanges ih(' ,'<)rr(,ln-
tioi]s as tn<,nsur(,_l (('g., ('f. tig. 35(a, for xvhi<'h no tilter
was use(I, with the <)tiler ])arts of lig. 35, for whi(.]l t]}(, tilt(,rs
w('r(' us('d).
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Delay time, A4 millisec

(a) l)i_lali('t' froln j[,1 (,(qlti,rlilic y/r, 0,

(b) l)islanc(' from jut ('(,ntl,rlin_' y/r, l.(t0.

Fl(;( lie :13. V(,Ioi'ily ;lulocorri,lalitms (if if- and p-l'OIIli)Olllqll,'4.

C()IIRELATIONS ANi) SPECTllIA OF v-COMPONENT (IF

TIIRIIULENT VELOCITY

Tilt' (,orr(,|ations and Sl)l'('t,l'li. of t lic _'-COlill)Olil']tl._ of tur-

t)uh, n('(' wl,re ot)tahl0(l ill order to ('Olll])ll.r(' tll(,m with lil()._(,

o[ tim H-(,OlllpOli(qlt. Tilt, 7p(,Cll'll (if the l_-(,olnpolu'Ili, of

llli'})tl]('ll('(' lli fOtll" l)oiltts ill th(' jet arc sliowlt in tiguro 32.

Till, si)ccti'a of th(' p-(,ollll)Olliqlt, (if turl)uh, ll.('(' itl't, diJ[(,r(mt

frolli ill(, ll-(,Oillplin(,lil in shi]p(' ils w(,ll ilS i:(l nnlgqitud(' tlil(I

fr(,qiiiqicy di._trit)ution. ]_'igui'_' 33 siiows lilt, lllitoCOlT('hl -

li()iis (if liw r and liw tz v('locily ('Olltplilloilts ill tiw siiill(' f()lll'

t)oinls. Tiwsl, t'olir (,lll'Vl,S i_liti('at(' also tlw (|i(t'(,riql('i,.g l)t,-

tw(qqi ill(' ii-llit(] /,-(.(tlnptl]i(,iils:

Uto c

T vl tv 2

u I u2

(b)

If ttic va]ui's of '/_.... and '_!,.,, ill't' r(,hlt('d tiy ih(' f(illowin_

(,(lUlili(in (r(,f. 1())

• , <h} _:,1'/_, ,, (_4)

then thi, ttlrbul_,ilc_, is _aid t.o be isoi,ropic. Tilt,s(' _z mtd t,

nieasuri, ni(qiLs, log(,l|li'r with the _ int(,nsity nl(,ilsurenie]ll,_

ah'oady di,_(,li_('(t, show that ih0 turt)uh'n('l, is 11()1isotrol)i('
at disian('0s froni l lit, j(,t, l('s._ than 16 radii.

('t) ]/and-I)'i_ wi(ILh, 4200 1o 5M00 (t)) ]tand-pa_ widl h, 1_00 to 5201")

(.p_: {*(qiloP frl!(llll'li('y, 5000 cl)_. (!|)_: ('[,lll.(q" ['r(,(lllOli('y, 5000 ('l)S.

(c) Ban(i-p,'}._x width, 900 IJ 1109 (!t)x; ('(!lit.( _r fi'o(llll'IiCy, 101) Cl)_.

Fl(;utl.E 34. l,onllit.udinal v(,Iocil.y Cl)l'r(_]:tti(lli_. |)isl;ttice fi'o]li j('l

il(izzh' .c/'r, 1.14; dislan('(' fri)ln jl,l ('(_li|('riili( _ .V/I', 1.0(i: (,xii _|ach

lilliit|ltq'> 0.3; l{(_ylloldx lllllnhlq', 31)0,1)00.

i

i

1.2 1.6

I

2.0 2.4 2.8

Exit _]'ict). nlinihur_ 0.3; l{,,ynolds nunll)cr, :_,(t0,0(i0.
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Wire separation, _, in.



INTENSITY, SCAI,E. AND SPE('TI{A OF 'I'UI{BITLEN(?E IN MIXING REGION OF FREE SUBSONI(! JET 913

-- I

-(b) -----

0 2 105 I04 I02

L-%

,N

l
- L

10 3

Frequency, /, cps
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0.5,37.692
G .794
o ,847
o ,897

.899
t> .949
o 1.000
p" 1.05 I
,_ 1.105
v 1.206
'- 1.508

iO 3 104

;t) ])isianr,, fr(mi j_,l m)zzh, x."r, 1.1-I. (h) I)istim('(, fron(jrl m,zzh, x.,'. 2.2!). C(') I)i._lan(,_. from j_,l IL()zzh,.r," 4.5_4.

FI(;iRI." :17.- Z('I'c, hm_iiu(tiiml ('orl•rhltfon (li_ian('r :is functi()n of fruqu(,n('y. Exii Malq_ ntunt)(.r. [)•3: Ib,yn(>Id_. i(llii(ller, :{(HLOIH).

If the Io[.nu'ilhni ()1' ihr (h'hly lime [or lli(, first zero ( iOS_llitf

o( lhe tili(u'e(I illllocolT('lll.lioll ('IlI'VI' i_. l)lOile(I 'igililisl tim

logll, i'ilhin (ll' lti(, ('enlei" fl'(,(lul,n('v of lli(' tilin_l I)ll._ (fig. 311),

li straighl line with li _h)l)r (it' -- 1 results. If ih(' hiTi/riihni

of the wh'e _rlilli'li.lioli for Z('l'(i ]oilgiiu(Ihlll, l ('orr(,hl.lion is

l)l()ll('(t agiihist Ill(, hiT'ariliiin of iti(, ('elili, r [rl,l'(ll(,liUy o( itie

I)li, n(I ])lis_, li _ilniilir i'('_llil _li()u|(l lie ol)Inili('_l if lhe lurl)li-

lelil _,hly Inls i'('nu_in('(t un('hnilg(',l while 1)li_ilil4 ttil., hot

wire_. "rhlii i_, lli(' ('d(tv tili_ I)t'('li _',vl'iit li.]on 7' lliictni.ng('li

with ill(' veh)('itv of ih(, _.ll'('lini. ()t),_(,l'Viilioil of fi_tli'(' 37

stl()_v_ liiil[, lhr_e rllrV(,_ il.re ii/'lt.l'h" _irlii_'til lines ',villi i/.

sloi)l' (ll' --1. Tlli: i: ll(hiiii('mn.l erich,n('(, tiili( lhe relli.lioli

x--lr:<,:t li()l(l: Vt,l'V _v(,ll t'()r lh(, lurl)uh,n('(, l)itll(,i'iis in ihe

sulisoni(' |el. Thu:, iti(, ll,uhi(.orr(,lalion (i,('hnique i._ li, saii,_-

fii,('llti'y oi1(, for slullyilig' lile lOli<<..1"iln(lhilil rm'i'('lnlion_.

VARIATII)N Ot" N(t41,t', ()F 'rlfllBl_l,ENl:E WITtl MACit ANI)OR REYNOLlit4

NUMIIER

The etl'erl o( ('xil Xill('ti nlili/of ]{rvno](l_ iiIililt.l(,r oi1 l hr

lon[.t,'ill.idinlll s(.ll](, Wll_ lil_o invesligllle(I 01,'-". 3,_). ,'t_ with

l|lo tliieral s('li, h; (fil_'. 19), lil('l'(' wii_ iio vii.rilllioli o( the

]ont._ilu_lilnll sen h, with .'k|ll,(']i iul(i!(u' J{eynohl_ nunilll,r.

.5 .4 .5 .6 .7 .8

Exit Mech number, M
I

3(30 500 725 xlO 3

Reynolds number, Re

F.I#;liRI.; 3_. ']'_tF('['| _Jf (':";J! .\J:irh nl)l]/'l)r ]{r.viJ(iJcl:.. J(lJilii)rT ()J] ][)l)<.gi-

tu(lilia| _(!:l.h. (if turliiiirl(('u, l)i_l:lnre fl-Olll jt'l n(17,zh, x/r, 4.,5_7

dislliii('l _ frl)in .i.i (,(,iilt,i'liii(, !t"r, 1.0().

SUMMARY OF RESULTS

llol-',virl"-li.il(,ill()liiiqer liieli_llr('liil,lil_ of lhe lurhu|en('(,

l)ll, riilil(!lPr_--inleii_ily, s(.lil(,, r(irrellliion, "i,n(1 _l)('('ll'll. hi II.

sul,._Olii(' .i('i ltiive I)('('ll rel)orli'd for li rang(, of (,xii _|ti('h

Iltllilt)l.'l'_ frolii 0.7 1o 0.7 llli(I for Ileyiiohl_ iililillters froln

1W2,()0t) lo 7"25,000, wiih tim fl)llowhig i'('_nlts:

1. X(,ili' lhe liOZZl(, of lhe jrt ((li,_hlnr(,_ l(,s_ lhilii 4 ()1" 5

jri (lillni <lowii_trenni o( the nozzh,') lhe inleli,_ilv of lurliu-

i('lire, (,Xl)i'e_s('(1 l_s tl l)l'l'('(qll of ('Ol'P v(,h,(.iiy, i,_ iI lllilXilillllil

ill li. (lisllui('e Ill' li,|)|)l'Oiilllil_ll'lV 1 j('l I'litlill_ Jr(till lhr ('(,lil(,i'-

line lui(I (le('relis('s _liThtly willi inrreasing -_[ll.('h ll.n(l/or

]{e.viiol(I,_ lillinl)ei'. At (li_llili(.e_ ._'l'(,il.ll,l' liilin ,"4 _lilini(,lel'_,

Iiow(,vei'. l}l(' iiil_.xiiillllil hlleiisily ]ilOVl,_ (llll lill(I (h,('r(,ll_es

iii nillgnilu(h' unlil lilt, llu't)uhui('e-hill,n._ilv l)r()til(,_ lll'(' (-tni[e

fhil and li.1)t)ron('hili g _hiiihirily.

2. The hilerll, l llll(I l(mgiiu(Ihni] _('lih,_ ()1' Itil'i)llllqi('l, li, l'e

ii(,li, riy in(h,I)(,li(h,ill (if Xlli('ti lin(I/lu' t_(,ynohl_ nlinill(,r lin(t,

ili lhe lnixing ZOlil., lilql.r lht, j(,l, \ill')- ])rol)orlioinilly wilh

(li,_hul('(, fl'Olli lh(, jl,l iiozzie, l_'IH'liier (Iowii_li'(,li.nl of ille

|el nozzle lh(' longilii(lilittl s('lile i'ell('h('s li innxiuillUi lui(I

lli(,li (]('rreli, s('<_ i_l)l)roxiliili, lol )" linelli'ly ',vilh (ti,_lll.ii('e. Near

lhe iiozzh' the lalei'll] s('lih, i_ Inti('h _inlllh,r ihiiil lhe Iong, i-

lll(thial il.li(I (Io('_ llol vli.rv with (lislnn('r fl'()ill the ('l'iit(,l'lili(',

_vllih' lhe l()ngilll(iiinll sriil(' is II nilixinillni lil Ii ({ishin('(, froni

lhe (.(,llil.,l'liil(, of li.h()lll 0.7 Io 0.S of tile jrl l'lltlilis. Flt.l'lhl,r

tl/),ll'tl,_ll'l'_lll) lll, it.i D}&)XilIIIIIll ._I)O'V_'.'4 /)'lll [I'Olil ltll' ('_qll_'l'litl_'.

>}. All il.lili[V_iS of the corrl,]Ogl'illii,_ llll(1 Sl)e('lrll, whi('h

(lifl'er_ t'r('_lil itl(' (ll'dililll'V ._inli_li('al lil)l)l'Oli(>]l , yiehl,_ li

'ls('lilr" whh'h, wtlile (lit|'(q'(qil in nll_gliilli(h, froni lhe _!Oli-

w,nlionlll, vlil'h,s ,_inliili.i'ly to lhe Ol'_linnry _('l/h, llii_l is

(,a.si(,r lo (,viihlll.ll,.

4. An ll,ulo(.orre]ill(ir liSilig il. inligiieli_ lil.l)e I'0('(tl'(hq' tin(t

it ._l)e('iid 1)hi)'lni('l,;. ilislrunienl wli_ u._('d lo IlllqI.Slll'(, llie

v(,lorii,v l_ulo(.orrellilions. Tll(,s(, liuhl('orrelaii()n_ were COll-

v(,f't(,(I to lotls2"illl(lililil co/'l'(,llltioii_ ttlli/ li,gT('('(I "well v,itli till(,

(tire('lly nieli_lire(I longJl Ii([iinl| rori'eilil ioli_.

LEWI_ |_I.I(;HT })I(OP[TI,SlOS LAI:IOIL_,.TOI_Y

N\'ri()N.t[, Al)V[_()l{Y (_()MMITTEI'] F()R ._I';I{(iX'.\I_TI(!,'_

(_I.,EVEI,._.NI) ()HI(), ,i])#';[ 2,_, [/7.")(7
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APPENDIX A

SYMBOLS

efl'ectiv(, power band width

d isl)hl(_emmtt of hell(Is of playt)a('k instrument

st)eel ral density fun(q ion of u 2

frequen('y
calibration (_oil.stan t

scah, of turbuhmc(,
exit, Maeh nmnb(w

nunlber of tit) taken from strip ('harl

correhlt ion coetth'i(,n t.

R,,ynohls nulnl)er

j('! radius

lape speed

liine

delay tinl(,

llll'liil sl I'_'tilii velocity

[hl(.lulllillg, (!OlllpOliellls ()f vl,io(.ilv ill .g-, 71-, lllld

r-(liri'ei iOliS, i'l'Sl)e(qivvly

righl-lilind (!oor(linale sysleni wilh x-nxis c(lin('id-

ing wilh jel ('enlei'line

nondiini,nsion'i[ plu'lunel(,r rehlled io cul-off fre-

(|ll(ql(!i('s (if stie('t rilill l)y ('q. (g,_)

flll(:l lllil ing ('ollll)Oliiqil of iiot-wire voltiig(_

wire S('[)ill'il I ion in x- and y-d h'('cl ions, rt'stl('('l ivcly
(}illrii('li,risli(_ eddy size

,qll gli|lii' froqliiql('v

Suliscril)ls :

b tmnd of fr('quen(q(,s
C (_Ol't_

/" fre(luen(_y

l lower (_111-ot_

loc loclll

11_(/;_ lllll, Xillllllll

1tt _'lt II1 iliilii/llll

p l)("i](

rf_f l'e fl'r('ll(>O,

t l iln0

lot l(lln] sl)(i(:ll'lllll of nil fi'i'qllell('ies

tl, 11 l)l)er {qll-Off'

w wive

X hiilgil u(liilai

l/ llit/'i'lll
,7 lit l('l'lil

1,2 p(linls in sll'(qllll

Sll[)ers('l'ilils :

- it, Vlq'llgO

# FOOl -711('llll-S(l llll I'0

* ('[illl'il(:[ei'ist i(. value
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APPENDIX B

ANALYSIS OF TURBULENCE SPECTRA AND AUTOCORRELOGRAMS

The analysis of the data from the hot-wire anemometers

is most easily accomplished t)y m(,a.s of the power spectrunI

of the turbulence and the autoeorrelation leehnique, as

explained i. the EXPERIMENTAL PROCEDURE s(,(_tion.

The details of this analysis are interesting also. The

rorrelation tit ting fimt,tiou

OF

(14a)

- _*t i_ _ -_,_*t

_t=e 1--_ (14b)

('an be transformed to the sl)eetral density fum'tion _)t(f) as
follou's:

, ( 4 " cos2EfX(lx (Bla)

or

fo° ,_'(f)=4 t cos 2_rft dt (Blb)

The resulliug expression for :_(J') is

1+/_ (_)2 (17)

This equation for _(.f) has ma.y i.teresling features. Con-

sider for instam'e, sketches (e) and (d). The typical eor-

relogrtml shows a zero crossing (6.) and t_ minimum Yalue.

These two quantities aim the followillg e(imttions for

_Rl,mi . alld co*

_,...,,=--_,-_ (1',2)

In 4¢
_* = t,,(_ "-fi (B;9

give values t'orfl and o_* from llw experime.lal ¢.orroh)gram.

With these values d., Slw('lral densily (,re'v(' ra. t)(. rah'u-

latod fi'om equation (17).
An all(,rmtte l)ror(,dur(' is to work with ltw eXl)(,rim(,.tal

Sl)erlral de.sily curve. 1[ tit(' low-frequ(,.(.y 1)art of the

curve has I)_,c. ol)taim,d with sufti('io.t a('rura('y, the values

of the low- a|M high-fr('qurl.'y rut-oil's (ft a.d f.,)('a, hc

oblaiH(,(I from the sl)erlrom. Those lw. vMm's widJ llw

e(luat |(ms

f ' [3 (B4)

al|d

=- (BS)

give values for _ and co* from the exl)erim.mtal Sl)e(qrum.

With these vahws the eorrelogram can be ('ah'ulaled from

equation (14a) or (14b).

In actual practice the l<)w-fr('qu(mey parl (ff the spectrum
is sehlom defined with sutli('ient a('('ura('y to use the allernah,

method l)rOl)osed here. But the eorrelograms are gem'rally

well defined _md are easily used as outline(1.

If a family of rurw,s of _(J') for a series of values of _ is

ph)lte(l as shown in fig(re' 39, spe('trum ti/liT_g eurv(,s r(,sult

that differ from ext)(,rimental ('urves only 1)3, muir|pile.alive

constants. This family of curves can be used as a grid at.l

pla(,ed over tit(, exp(,rim(,ntal data am1 a best tit obtaine(I.
Tit(, value of _, therefore, is easily d(,h,rmim'(I. With this

value of /_ and the z,,ro (Tossing of the rorr.,logram t0, the

value of _* can t)e obtained from equation (B3).

With the vahws of fl and _* the spe('trtmt ('all 1)(, ('alcu-

lated by means of ('(lm_tiott (17), or .% ran be evalmltt,d by

nlcans of equation (l 6).

"_t

"_t t mill

(c)

l_ ..'d/)

/ \ Slope of-7'
Slope of +2 / \ _

/ \

/ \

In /

/,, (I +,8)_" Z
= jr(f)ma. = _r ( 13 +U) _'

(d)
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